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Almost all the fossil fuels, on combustion, emit CO2 which is considered to be a 
greenhouse gas. Developing new power generation cycles that enables carbon-dioxide 
capture and sequestration are the limelight of current research. Present absorption 
technologies for carbon capture are energy-intensive and expensive. An alternative to 
these absorption technologies would be to combust fossil fuels in pure oxygen, 
whereinthe flue gas stream will have a much higher concentration of CO2, reducing or 
eliminating the need for costly CO2 capture. Oxy-fuel combustion is considered to be one 
of the new emerging technologiescapable of capturing and sequestrating CO2. In oxy-fuel 
combustion, the fossil fuel is burned in an environment of pure oxygen instead of air and 
the flue gas mainly consists of CO2 and H2O that can be easily separated through 
condensation processes. Ion Transport Membranes (ITMs) offer promising oxygen 
production technology with high purity (upto 99%) without adversely affecting the 
efficiency of the oxy-fired plants. The separation rate of such ITMs can be increased by 
replacing the conventional inert sweep gas with a reactant/diluent mixture (e.g. CO2, 
CH4) as this reduces the permeate partial pressure on the permeate side of the 
membrane, which, along with the temperature, governs the permeation flux. The 
significant limitation of this approach is that an uncontrolled, exothermic consumption of 
the permeated specie, can lead to membrane damage, and thus limits the potential of 
ITMs using reactive sweep gases (i.e. ITM reactors). By using a multichannel ITM 
reactor, it is proposed to operate the ITM reactor at, or near to isothermal conditions 
(i.e. a spatially uniform temperature). This may be achieved by introducing a reactant 
 xvii 
 
into the permeate stream uniformly across the entire ITM reactor length from an 
adjacent channel with porous walls. 
The present work is aimed at predicting the oxy-combustion characteristics in an oxygen 
transport reactor with the objective of developing a nearly isothermal reactor. This is 
achieved by separation of oxygen from air through Ion Transport Membranes (ITM’s) 
and by using a porous membrane, to achieve uniform stoichiometric ratio of fuel/O2   in 
order to have uniform combustion all along the length of the membrane. A two-
dimensional, computational fluid dynamics (CFD) model is solved to study the 
combustion characteristics. The simulations are based on the numerical solution of the 
conservation of mass, momentum, energy and species transport equations of two 
dimensional flows. For the CFD calculations, the commercial solver FLUENT has been 
used. The mass transfer of oxygen through the membrane is modeled by user defined 
functions (UDF’s) and the mass transfer of fuel through the porous layer is modeled 
using a 1D porous jump model. The membrane (ITM) is modeled as a selective layer, 
which allows the permeation of oxygen as a function of temperature and the difference of 
partial pressures of oxygen in the feed side and the permeate side. The flux through the 
porous layer is a function of permeability and thickness of the medium in addition to the 
pressure difference. The models used have been validated against the experimental 
results found in the literature and are found to be in good agreement. Influence on the 
performance of oxygen separation through the ITM has been studied by varying the flow 
conditions at the permeate side. Results show that for a constant mass flow rate of fuel 
mixture, the permeation rate of oxygen through ITM increases with increase in CH4/CO2 
ratio. It was found that the oxygen permeation rate increased by approximately 3 times 
with reaction taking place on the permeate side compared to the separation only case. An 
improved uniform temperature distribution along the membrane was obtained by the 
combined ITM-porous oxygen transport reactor. 
MASTER OF SCIENCE DEGREE 
KING FAHD UNIVERSITY OF PETROLEUM & MINERALS 
Dhahran, Saudi Arabia 
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 2102ﺍﻟﺘﺎﺭﻳﺦ: ﻣﺎﻳﻮ 
ﻳﻨﺒﻌﺚ ﻏﺎﺯ ﺛﺎﻧﻲ ﺃﻛﺴﻴﺪ ﺍﻟﻜﺮﺑﻮﻥ ﻣﻦ ﺍﺣﺘﺮﺍﻕ ﺟﻤﻴﻊ ﺃﻧﻮﺍﻉ ﺍﻟﻮﻗﻮﺩ ﺍﻷﺣﻔﻮﺭﻱ ﻭﺍﻟﺬﻱ ﻳﻌﺘﺒﺮ ﻣﻦ ﺍﻟﻐﺎﺯﺍﺕ ﺍﻟﺪﻓﻴﺌﺔ. ﻓﻲ ﻫﺬﺍ 
ﺍﻟﺒﺤﺚ ﺳﻴﺘﻢ ﺗﺴﻠﻴﻂ ﺍﻟﻀﻮء ﻋﻠﻰ ﺗﻄﻮﻳﺮ ﺩﻭﺭﺍﺕ ﺗﻮﻟﻴﺪ ﺍﻟﻄﺎﻗﺔ ﺑﺤﻴﺚ ﻳﺘﻢ ﺍﻣﺘﺼﺎﺹ ﻏﺎﺯ ﺛﺎﻧﻲ ﺃﻛﺴﻴﺪ ﺍﻟﻜﺮﺑﻮﻥ ﻭﺍﻟﺤﺪ ﻣﻦ 
ﺍﻧﺒﻌﺎﺛﻪ. ﺗﻌﺘﺒﺮ ﺍﻟﺘﻘﻨﻴﺎﺕ ﺍﻟﺤﺎﻟﻴﺔ ﻻﻣﺘﺼﺎﺹ ﻫﺬﺍ ﺍﻟﻐﺎﺯ ﻣﻜﻠﻔﺔ ﻭﻣﺴﺘﻬﻠﻜﺔ ﻟﻠﻄﺎﻗﺔ ﺑﺸﻜﻞ ﻛﺒﻴﺮ. ﺳﻴﻜﻮﻥ ﺑﺪﻳﻼ ﻟﻬﺬﻩ ﺍﻟﺘﻘﻨﻴﺎﺕ 
ﺍﻟﻤﻤﺘﺼﺔ ﻟﻐﺎﺯ ﺛﺎﻧﻲ ﺃﻛﺴﻴﺪ ﺍﻟﻜﺮﺑﻮﻥ ﻫﻮ ﺣﺮﻕ ﺍﻟﻮﻗﻮﺩ ﺍﻷﺣﻔﻮﺭﻱ ﻓﻲ ﺍﻷﻭﻛﺴﺠﻴﻦ ﺍﻟﻨﻘﻲ ، ﺑﺤﻴﺚ ﺃﻧﻪ ﻓﻲ ﺗﻴﺎﺭ ﻏﺎﺯ 
ﺍﻻﺣﺘﺮﺍﻕ ﻳﻜﻮﻥ ﺗﺮﻛﻴﺰ ﺛﺎﻧﻲ ﺃﻛﺴﻴﺪ ﺍﻟﻜﺮﺑﻮﻥ ﻋﺎﻟﻴﺎ ﻭﺑﺎﻟﺘﺎﻟﻲ ﺣﺮﻕ ﺍﻟﻮﻗﻮﺩ ﻓﻲ ﺃﻭﻛﺴﺠﻴﻦ ﻧﻘﻲ ﻳﻘﻠﻞ ﺃﻭ ﻳﻠﻐﻲ ﺍﻟﺤﺎﺟﺔ ﺇﻟﻰ 
ﺍﺳﺘﺨﺪﺍﻡ ﺗﻘﻨﻴﺎﺕ ﻣﻜﻠﻔﺔ ﻻﻟﺘﻘﺎﻁ ﻏﺎﺯ ﺛﺎﻧﻲ ﺃﻛﺴﻴﺪ ﺍﻟﻜﺮﺑﻮﻥ. ﺇﻥ ﺗﻘﻨﻴﺔ ﺍﺣﺘﺮﺍﻕ ﺍﻟﻮﻗﻮﺩ ﻓﻲ ﺍﻷﻭﻛﺴﺠﻴﻦ ﺗﻌﺘﺒﺮ ﻭﺍﺣﺪﺓ ﻣﻦ 
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ﻣﻦ ﻏﺎﺯ ﺛﺎﻧﻲ ﺃﻛﺴﻴﺪ ﺍﻟﻜﺮﺑﻮﻥ ﻭﺟﺰﻳﺌﺎﺕ ﺍﻟﻤﺎء ﻭﺍﻟﺘﻲ ﻳﻤﻜﻦ ﻓﺼﻠﻬﺎ ﺑﺴﻬﻮﻟﺔ ﺑﺎﺳﺘﺨﺪﺍﻡ ﻋﻤﻠﻴﺎﺕ ﺍﻟﺘﺒﺮﻳﺪ. ﺗﻘﺪﻡ ﺃﻏﺸﻴﺔ ﻧﻘﻞ 
% ﺩﻭﻥ ﺃﻥ ﺗﺆﺛﺮ ﺳﻠﺒﺎ ﻋﻠﻰ ﻛﻔﺎءﺓ 99( ﺗﻘﻨﻴﺔ ﻭﺍﻋﺪﺓ ﻹﻧﺘﺎﺝ ﺍﻷﻭﻛﺴﺠﻴﻦ ﺑﻨﺴﺒﺔ ﻧﻘﺎء ﻋﺎﻟﻴﺔ ﺗﺼﻞ ﺇﻟﻰ MTIﺍﻷﻭﻛﺴﺠﻴﻦ )
( ﺑﺎﺳﺘﺒﺪﺍﻝ ﻏﺎﺯ ﺍﻻﻛﺘﺴﺎﺡ ﺍﻟﺨﺎﻣﻞ ﺑﺨﻠﻴﻂ MTIﻣﺤﻄﺎﺕ ﺍﺣﺘﺮﺍﻕ ﺍﻷﻭﻛﺴﺠﻴﻦ. ﻳﻤﻜﻦ ﺯﻳﺎﺩﺓ ﻣﻌﺪﻝ ﻓﺼﻞ ﻫﺬﻩ ﺍﻟﺘﻘﻨﻴﺔ )
ﻣﺘﻔﺎﻋﻞ ﻭﻣﺨﻔﻒ ﻣﺜﻞ )ﻏﺎﺯ ﺛﺎﻧﻲ ﺃﻛﺴﻴﺪ ﺍﻟﻜﺮﺑﻮﻥ ، ﻏﺎﺯ ﺍﻟﻤﻴﺜﺎﻥ ( ﻭﻫﺬﻩ ﺗﻘﻠﻞ ﺍﻟﻀﻐﻂ ﺍﻟﺠﺰﺋﻲ ﻋﻠﻰ ﺟﺎﻧﺐ ﺍﻟﻐﺸﺎء. ﻣﻦ ﺃﻫﻢ 
ﻣﺸﺎﻛﻞ ﻫﺬﻩ ﺍﻟﻤﻔﺎﻋﻼﺕ ﻫﻮ ﺍﻻﺳﺘﺨﺪﺍﻡ ﺍﻟﻐﻴﺮ ﻣﻨﻀﺒﻂ ﻟﻠﻮﻗﻮﺩ ﻭﺍﻟﺬﻱ ﻳﺆﺩﻱ ﺇﻟﻰ ﻋﺪﻡ ﺍﻧﺘﻈﺎﻡ ﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﺍﻟﻐﺸﺎء ﻣﻤﺎ ﻗﺪ 
( ﺑﻘﻨﻮﺍﺕ ﻣﺘﻌﺪﺩﺓ MTIﻳﺆﺩﻱ ﺇﻟﻰ ﺗﻠﻒ ﺍﻟﻐﺸﺎء. ﻓﻲ ﻫﺬﺍ ﺍﻟﺒﺤﺚ ﺍﻗﺘﺮﺣﻨﺎ ﺃﻥ ﻧﺴﺘﺨﺪﻡ ﻣﻔﺎﻋﻞ ﺃﻏﺸﻴﺔ ﺍﻻﻧﺘﻘﺎﻝ ﺍﻷﻳﻮﻧﻴﺔ )
( MTIﻟﻨﺤﺼﻞ ﻋﻠﻰ ﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﻣﺘﺴﺎﻭﻳﺔ ﺗﻘﺮﻳﺒﺎ ﻋﻠﻰ ﻁﻮﻝ ﺍﻟﻐﺸﺎء ﻭﺫﻟﻚ ﻳﺘﺤﻘﻖ ﺑﺘﻮﺯﻳﻊ ﻏﺎﺯ ﺍﻷﻭﻛﺴﺠﻴﻦ ﺑﺎﺳﺘﺨﺪﺍﻡ )
ﺇﻟﻰ ﻗﻨﺎﺓ ﺍﻻﺣﺘﺮﺍﻕ ، ﻭ ﺑﺘﻮﺯﻳﻊ ﻏﺎﺯ ﺍﻟﻤﻴﺜﺎﻥ ﻋﻦ ﻁﺮﻳﻖ ﺍﻟﻐﺸﺎء ﺍﻟﻤﺴﺎﻣﻲ  ﺇﻟﻰ ﻗﻨﺎﺓ ﺍﻻﺣﺘﺮﺍﻕ ﺃﻳﻀﺎ ﻣﻤﺎ ﻳﺆﺩﻱ ﺇﻟﻰ ﺍﺣﺘﺮﺍﻕ 
ﻣﺘﻮﺯﻉ ﻋﻠﻰ ﻁﻮﻝ ﺍﻟﻘﻨﺎﺓ ﻓﺘﺼﺒﺢ ﺩﺭﺟﺔ ﺍﻟﺤﺮﺍﺭﺓ ﻋﻠﻰ ﻁﻮﻝ ﺍﻟﻐﺸﺎء  ﺛﺎﺑﺘﺔ. 
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( ﻭﺑﺎﺳﺘﺨﺪﺍﻡ ﺃﻏﺸﻴﺔ ﻣﺴﺎﻣﻴﺔ ﻟﺘﺤﻘﻴﻖ ﻧﺴﺒﺔ ﻣﻮﺣﺪﺓ ﺍﻟﻘﻴﺎﺱ ﻣﻦ ﺍﻟﻐﺎﺯ ﺇﻟﻰ ﺍﻷﻭﻛﺴﺠﻴﻦ ﻣﻦ ﺃﺟﻞ ﺃﻥ MTIﺍﻻﻧﺘﻘﺎﻝ ﺍﻷﻳﻮﻧﻴﺔ )
ﻳﻜﻮﻥ ﺍﻻﺣﺘﺮﺍﻕ ﻣﺘﻮﺯﻉ ﺑﺎﻟﺘﺴﺎﻭﻱ ﻋﻠﻰ ﻁﻮﻝ ﺍﻟﻐﺸﺎء ﻛﺎﻣﻼً . ﺗﻢ ﺍﺳﺘﺨﺪﺍﻡ ﻧﻤﻮﺫﺝ ﺛﻨﺎﺋﻲ ﺍﻷﺑﻌﺎﺩ ﻟﺪﺭﺍﺳﺔ ﺩﻳﻨﺎﻣﻴﻜﺎ ﺍﻟﻤﻮﺍﺋﻊ 
ﺣﻔﻆ ﺍﻟﻜﺘﻠﺔ،  ﺍﻟﻌﺪﺩﻱ ﻟﻤﻌﺎﺩﻻﺕ ﻋﻠﻰ ﺍﻟﺤﻞ  ﻋﻤﻠﻴﺎﺕ ﺍﻟﻤﺤﺎﻛﺎﺓ  ( ﻓﻲ ﺩﺭﺍﺳﺔ ﺧﺼﺎﺋﺺ ﺍﻻﺣﺘﺮﺍﻕ. ﻭﺗﺴﺘﻨﺪDFCﺍﻟﺤﺴﺎﺑﻴﺔ )
. TNEULF(ﺗﻢ ﺍﺳﺘﺨﺪﻡ ﺍﻟﺒﺮﻧﺎﻣﺞ ﺍﻟﺘﺠﺎﺭﻱ DFCﻭﺍﻟﻘﻮﺓ ﺍﻟﺪﺍﻓﻌﺔ، ﻭﺍﻟﻄﺎﻗﺔ، ﻭﻣﻌﺎﺩﻟﺔ ﺍﻻﻧﺘﻘﺎﻝ ﺍﻟﻤﺘﻌﺪﺩ. ﻷﺩﺍء ﺣﺴﺎﺑﺎﺕ )
( ﻭﻧﻤﻮﺫﺝ ﻣﺒﻨﻲ MTI( ﻟﺤﺴﺎﺏ ﻛﺘﻠﺔ ﺍﻷﻭﻛﺴﺠﻴﻦ ﺍﻟﻤﻨﺘﻘﻠﺔ ﻣﻦ ﺧﻼﻝ ﻏﺸﺎء )DUﺗﻢ ﺍﺳﺘﺨﺪﺍﻡ ﻧﻤﻮﺫﺝ ﻣﻌﺮﻑ ﺇﺿﺎﻓﻲ )F
( ﻋﻠﻰ ﺷﻜﻞ MTI(  ﻟﺤﺴﺎﺏ ﻛﺘﻠﺔ ﻏﺎﺯ ﺍﻟﻤﻴﺜﺎﻥ ﺍﻟﻤﻨﺘﻘﻞ ﺧﻼﻝ ﺍﻟﻐﺸﺎء ﺍﻟﻤﺴﺎﻣﻲ .ﺗﻢ ﺗﺼﻤﻴﻢ ﻏﺸﺎء )D1ﺑﺪﺍﺧﻞ ﺍﻟﺒﺮﻧﺎﻣﺞ )
ﻁﺒﻘﺔ ﺍﻧﺘﻘﺎﺋﻴﺔ ﻋﻠﻰ ﺃﻧﻬﺎ ﺗﺴﻤﺢ ﻟﻸﻭﻛﺴﺠﻴﻦ ﺑﺎﻻﻧﺘﻘﺎﻝ ﻣﻦ ﺧﻼﻟﻬﺎ ﻣﺘﺄﺛﺮﺓ ﺑﺪﺭﺟﺔ ﺍﻟﺤﺮﺍﺭﺓ ﻭﺑﺎﻟﻀﻐﻂ ﺍﻟﺠﺰﺋﻲ ﻟﻸﻭﻛﺴﺠﻴﻦ ﻓﻲ 
ﻛﻼ ﺍﻟﺠﺎﻧﺒﻴﻦ ) ﺍﻟﺠﺎﻧﺐ ﺍﻟﻤﻨﺘﻘﻞ ﺍﻷﻭﻛﺴﺠﻴﻦ ﻣﻨﻪ ﻭﺍﻟﺠﺎﻧﺐ ﺍﻟﻤﻨﺘﻘﻞ ﺇﻟﻴﻪ(، ﺃﻣﺎ ﺑﺎﻟﻨﺴﺒﺔ ﻟﺘﺪﻓﻖ ﻏﺎﺯ ﺍﻟﻤﻴﺜﺎﻥ ﻣﻦ ﺧﻼﻝ ﺍﻟﻐﺸﺎء 
ﺍﻟﻤﺴﺎﻣﻲ ﻓﻬﻮ ﻳﺘﺄﺛﺮ ﺑﻤﺴﺎﻣﻴﺔ ﺍﻟﻐﺸﺎء ﻭﺑﺴﻤﺎﻛﺔ ﺍﻟﻐﺸﺎء ﺍﻟﻤﺴﺎﻣﻲ. ﺗﻢ ﺍﻟﺘﺤﻘﻖ ﻣﻦ ﺍﻟﻨﻤﻮﺫﺝ ﺍﻟﻤﺴﺘﺨﺪﻡ ﻓﻲ ﻫﺬﺍ ﺍﻟﺒﺤﺚ ﻣﻊ 
( MTIﺗﺠﺮﺑﺔ ﺳﺎﺑﻘﺔ ﺗﻢ ﺃﺩﺍﺋﻬﺎ ﻓﻲ ﻧﻔﺲ ﻣﺠﺎﻝ ﺍﻟﺒﺤﺚ ﻭﺗﻢ ﺍﻟﺤﺼﻮﻝ ﻋﻠﻰ ﺍﺗﻔﺎﻕ ﺟﻴﺪ ﻓﻲ ﺍﻟﻨﺘﺎﺋﺞ. ﺗﻤﺖ ﺩﺭﺍﺳﺔ ﺃﺩﺍء ﻏﺸﺎء )
ﻓﻲ ﻓﺼﻞ ﺍﻷﻭﻛﺴﺠﻴﻦ ﻋﻦ ﺍﻟﻬﻮﺍء ﺑﻮﺍﺳﻄﺔ ﺗﻐﻴﻴﺮ ﻅﺮﻭﻑ ﺍﻟﺘﺪﻓﻖ ﻓﻲ ﺟﺎﻧﺐ ﺍﻻﺣﺘﺮﺍﻕ. ﺗﻮﺿﺢ ﺍﻟﻨﺘﺎﺋﺞ ﺃﻧﻪ ﻋﻨﺪ ﺗﺜﺒﻴﺖ 
( ﺑﺎﺯﺩﻳﺎﺩ ﻧﺴﺒﺔ ﻏﺎﺯ ﺍﻟﻤﻴﺜﺎﻥ ﺇﻟﻰ ﺛﺎﻧﻲ MTIﻣﺴﺘﻮﻯ ﺗﺪﻓﻖ ﻏﺎﺯ ﺍﻟﻤﻴﺜﺎﻥ ﻳﺰﺩﺍﺩ ﻣﻌﺪﻝ ﺗﻐﻠﻐﻞ ﺍﻷﻭﻛﺴﺠﻴﻦ ﻣﻦ ﺧﻼﻝ ﻏﺸﺎء )
ﺃﻛﺴﻴﺪ ﺍﻟﻜﺮﺑﻮﻥ ﻭﻫﺬﻩ ﺍﻟﺰﻳﺎﺩﺓ ﺗﺼﻞ ﺇﻟﻰ ﺛﻼﺛﺔ ﺃﺿﻌﺎﻑ ﻋﻨﺪ ﺍﻻﺣﺘﺮﺍﻕ ﻣﻘﺎﺭﻧﺔ ﺑﺎﻟﺘﻐﻠﻐﻞ ﺩﻭﻥ ﺣﺪﻭﺙ ﻫﺬﺍ ﺍﻻﺣﺘﺮﺍﻕ. 
( ﻣﻊ ﺍﻟﻐﺸﺎء ﺍﻟﻤﺴﺎﻣﻲ ﺗﻢ ﺍﻟﺤﺼﻮﻝ ﻋﻠﻰ ﺗﻮﺯﻳﻊ ﻣﻨﺘﻈﻢ ﻟﻠﺤﺮﺍﺭﺓ ﻋﻠﻰ ﻁﻮﻝ ﻣﻔﺎﻋﻞ ﺍﻧﺘﻘﺎﻝ MTIﺑﺎﺳﺘﺨﺪﺍﻡ ﻏﺸﺎء )
ﺍﻷﻛﺴﺠﻴﻦ. 
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CHAPTER 1  
INTRODUCTION 
1.1 Research Background: 
Most of the heating systemsrequire combustion of hydrocarbon fuels that emits CO2 
which is considered a greenhouse gas. Renewable energies are carbon neutral and so 
present a favorable solution to the problem of greenhouse gas emissions. Unfortunately, 
renewable energy technologies are currently not mature enough in comparison to fossil 
fuel based technologies. Much work is required before such energy sources can produce a 
major portion of our energy.  
Fossil fuels will continue for decades to be the source of fuel to meet global energy 
demands [1]. Energy production from fossil fuel combustion results in the emission of 
greenhouse gases, the dominant contributor being CO2 [2].These anthropogenic carbon 
dioxide (CO2) emissions are contributing to global climate change. Therefore, it is critical 
to develop technologies to mitigate this problem [3]. Carbon dioxide is one of the species, 
whose emission cannot be avoided during combustion of the fuel containing carbon. In 
order to achieve storage of CO2, this specie has to be separated from the flue gases, 
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whichcontain mainly nitrogen. Such process is very expensive. Carbon capture and 
sequestration (CCS) means capturing CO2and trapping it away from the atmosphere. 
There are many methods of sequestering CO2. One of the important methods is Enhanced 
Oil Recovery (EOR), which involves injecting CO2 into partially depleted oil wells to 
increase the pressure and produce more oil. This is currently a common practice in many 
oil fields.  
Many studies are being undertaken on sequestration, and many numerical simulations 
have been developed and tested  [4, 5].Among the proposed methods of CO2 capture, 
oxy-fuel combustion technology provides a promising option, which is applicable to 
power generation systems. This technology is based on combustion with pure oxygen 
(O2) instead of air, resulting in a flue gas that consists mainly of CO2 and water (H2O), 
the latter can be separated easily via condensation, while removing other contaminants 
leaving pure CO2 for storage. However, fuel combustion in pure O2 results in intolerably 
high combustion temperatures. In order to provide the dilution effect of the absent 
nitrogen (N2) and to moderate the furnace/combustor temperatures, part of the flue gas is 
recycled back into the combustion chamber. On the other hand an efficient source of O2 
is required to make oxy-combustion a competitive CO2 capture technology. Conventional 
O2 production utilizing the cryogenic distillation process is energetically expensive.  
As an alternative to traditional air separation methods to provide on-site oxygen, Ion 
Transport Membranes (ITMs) can selectively transport oxygen at a particular temperature 
range and facilitate oxy-fuel combustion without an external oxygen supply system.The 
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oxygen partial pressure ratio across the membrane provides the driving force for the 
separation process. If the permeate can be consumed by a useful reaction, the partial 
pressure of permeate is reduced and the permeate flux can be increased. Integrating these 
membranes with combustion systems, such as boiler furnace can provide the requisite 
high temperature environment and many other advantages. Ceramic membranes made 
from mixed ion-electronic conducting oxides have received increasing attention because 
of their potential to mitigate the cost of O2 production, thus helping to promote these 
clean energy technologies. Some effort has also been expended in using these membranes 
to improve the performance of the O2 separation processes by combining air separation 
and high-temperature oxidation into a single chamber [6]. 
The development of mixed-ionic electronic-conducting materials, in particular with the 
perovskite material system such as LSCF and BSCF, has shown large enhancement in O2 
permeation flux and catalytic combustion. Next generation ITMs will require 
significantly higher permeation flux at reduced operating temperatures to lower the cost 
of the technology and increase the probability of commercialization success. The 
successful development of these new approaches for ITMs will make commercial O2 
separation systems a reality[6]. 
Oxy-fuel combustion, particularly using an integrated oxygen ion transport membrane 
(ITM), is a thermodynamically attractive concept that seeks to mitigate the penalties 
associated with CO2 capture from power plants. Oxygen separation in an ITM system 
consists of many distinct physical processes, ranging from complex electrochemical and 
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thermo-chemical reactions, to conventional heat and mass transfer. The dependence of 
ITM performance on power cycle operating conditions and system integration schemes 
must be captured in order to conduct meaningful process flow and optimization studies 
where multiple degrees of freedom are considered[7].  
1.2 Fundamentals of Hydrocarbon Combustion: 
The kinetic mechanisms used to model hydrocarbon combustion are generally composed 
of a large number of elementary reactions in which the initial fuel and oxidizer combine 
to form the final products. The rates in which reactions proceed are primarily dictated by 
collisions of two molecules that may have the capability to react. Therefore, the most 
common elementary reactions used are bimolecular in which two species collide and 
react to form two new species. To illustrate, consider an arbitrary bimolecular second 
order reaction 
 A B C D+ → +  (1) 
The rate at which such a reaction proceeds is proportional to the concentration of the 
reactant species, 
 
[ ] [ ][ ]d A k A B
dt
= −  (2) 
The rate constant k is a function of temperature T and is the parameter used to describe 
each elementary reaction composing the entire kinetic mechanism. A reaction will only 
take place, however, if the colliding molecules possess an adequate amount of energy 
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called the activation energy E
A
. Kinetic theory shows that the fraction of all collisions 
that possess energy greater than E
A 
is given by the Boltzmann factor  
 exp AE
RT
− 
 
 
 (3) 
Determination of reaction rates also requires that the frequency of molecular collisions be 
taken into account in the form of a pre-exponential factor A. The rate constant k is then 
typically expressed in a modified Arrhenius form as 
 expb AEk AT
RT
− =  
 
 (4) 
where A, b, and E
A 
are parameters determined experimentally and R is the universal gas 
constant. The exponent b becomes particularly important in systems where temperatures 
vary widely. Mechanism construction is accomplished by including all elementary 
reactions believed to contribute either directly or indirectly to the formation of products.  
Most combustion processes are governed by chain reactions initiated via the production 
of unstable radicals from the dissociation of one of the reacting species. The radicals then 
initiate a relatively fast chain of steps reacting with other molecules. A simple chain 
propagating reaction involves the production of one radical for each consumed, however, 
in chain branching reactions two or more radicals are generated from the consumption of 
one. This leads to a rapid buildup of radical concentration and hence a very fast overall 
reaction explosive in character. The termination of the chain occurs when the reaction of 
two radicals or a radical reacting with another molecule form a stable species. 
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Termination can also be achieved with the formation of a radical with lower activity that 
cannot propagate the chain.  
The oxidation of saturated hydrocarbons of the form C
n
H
2n+2 
has been described by 
Fristrom and Westenberg [8]to occur in two thermal zones. In the primary reaction zone, 
fuel molecules are attacked and reduced to CO, H
2
, H
2
O, and various radicals (H, O, 
OH). It is also here that other intermediates are formed. In the secondary reaction zone, 
oxidation of CO and H
2 
occurs. They suggest that in oxygen-rich saturated hydrocarbon 
flames, lower order hydrocarbons form according to equation(5) 
 2 2 2 2 1 1 2 2 3n n n n n nOH C H H O C H C H CH+ + − −+ → + ⇒ +  (5) 
while in fuel-rich flames 
 2 2 2 2 1n n n nH C H H C H+ ++ → +  (6) 
equation(6) is the scheme. These characteristics have been confirmed by Dryer and 
westbrook[9] via high-temperature flow reactor studies which also revealed that the fuel 
is consumed prior to the majority of the energy release. This evidence led Glassman [10] 
to characterize the general oxidation of hydrocarbons into three steps: (1) following 
ignition, the primary fuel disappears with little or no energy release producing 
unsaturated hydrocarbons and H
2 
with some hydrogen being oxidized to water; (2) the 
unsaturated hydrocarbons are further oxidized to CO and H
2
, and essentially all hydrogen 
is simultaneously oxidized to water; and (3) finally, most of the heat from the overall 
reaction is released from the oxidization of CO to CO
2
. For a more detailed discussion on 
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hydrocarbon oxidation, including characteristics unique to methane, higher order 
hydrocarbons, and alcohols, the reader is referred to Glassman [10]. 
1.3 Technologies: Carbon Capture and Sequestration (CCS): 
Current CCS power cycles have efficiencies typically on the order of 35% [2], where the 
penalty incurred is in the range of 7-11 percentage points [11]. There are three promising 
methods for capturing CO2 for low-emission coal-fired power generation. Figure 1 shows 
the block diagram of three different carbon capture technologies: post-combustion 
capture, pre-combustion capture, and oxy-fuel combustion.Post-combustion capture is the 
most conventional method, and it uses chemical absorption/desorption processes with 
amines to scrub CO2 directly from the exhaust [2]. Since post-combustion capture units 
are installed as “add-on” units at the exit of the flue gas stack, the upstream power plant 
does not require significant modification. However, post-combustion capture is energy-
intensive and expensive due to the low CO2 concentration typical of hydrocarbon 
oxidation in air [12]. Pre-combustion capture is an alternative CCS technology that 
essentially removes carbon from the fuel prior to combustion via chemical processes such 
as steam reforming, partial oxidation, or auto-thermal reforming, and transfers part of the 
chemical bond energy stored in the original hydrocarbon into pure hydrogen [13]. This 
method requires complex process equipment and incurs exergetic losses for each 
conversion into another chemical form, thus making it both economically and 
thermodynamically expensive [2].Oxy-combustion is a promising CCS technology that 
has the potential to significantly reduce the penalty associated with the carbon dioxide 
separation process. 
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Figure 1: Block diagram illustrating the three systems (Ref : [3]) 
In post-combustion capture, CO2 is chemically washed out of flue gas. In pre-combustion 
capture, coal is first transformed into a gas called syngas; CO2 is then removed from the 
syngas prior to combustion. In oxy-fuel combustion, coal is burned in pure oxygen 
instead of air, which results in a significantly higher concentration of CO2 in the flue gas. 
The flue gas must then be scrubbed of its remaining components such as oxygen, sulfur 
dioxide, and nitrous oxides. Post-combustion capture is the only capture method that can 
be retrofitted onto existing power plants without significant modifications.  
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1.3.1 Post-combustion capture: (CO2scrubbing) 
 
Figure 2:Post combustion capture cycle(Ref: http://www.eon.com) 
Figure 2 shows the post combustion capture cycle. CO2 accounts for about 15 percent, by 
volume, of the flue gas of a coal-fired power plant. To capture it, conventional flue-gas 
purification equipment, which has been in use for decades, is enhanced by an additional 
process in which the flue gas column is exposed to a solvent that absorbs CO2. The CO2-
saturated solvent is piped into a second fractionating column and heated with steam until 
the CO2 is separated and washed out. The regenerated solvent is recycled into the carbon-
capture process, resulting in a closed scrubbing cycle.  
The decisive advantage of post-combustion over other capture methods is that it can be 
easily retrofitted onto existing power plants. One prerequisite, of course, is that plants 
have enough room on site to install capture equipment. 
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1.3.2 Pre-combustion capture: (Turning coal into clean hydrogen) 
Figure 3 shows the pre-combustion capture cycle. As the name suggests, pre-combustion 
capture involves capturing CO2 before a fuel is burned. The first step of this process is to 
separate air into nitrogen and oxygen. The second step is to combust coal at high 
temperatures using insufficient oxygen and steam. This step, called coal gasification, 
creates syngas, which consists mainly of CO2, carbon monoxide (CO), and hydrogen 
(H2). 
 
Figure 3: Pre-combustion capture cycle(Ref: http://www.eon.com) 
Next, a catalytic converter uses steam to transform CO into a mixture of CO2 and H2. The 
CO2 is then washed out of this gas mixture and pressurized for transport to a storage 
facility. The hydrogen that remains can be used to generate electricity in a combined-
cycle gas turbine (CCGT), which operates at a high level of thermal efficiency. 
1.3.3 Oxy-fuel combustion: (Using pure oxygen to produce pure CO2) 
Figure 4 shows the oxy-fuel combustion cycle. The oxy-fuel combustion concept, along 
with the pre-combustion and post-combustion capture options, is one of the main options 
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developed towards the implementation of CO2 Capture and Storage (CCS) technologies 
for fossil fuel power plants. The main concept of the oxy-fuel combustion mode is the 
combustion air substitution with pure oxygen, supplied by an Air Separation Unit (ASU). 
The produced flue gas has a high CO2 content and does not require extensive treatment, 
due to its mass reduction (owed to N2 absence), before transportation and storage in 
appropriate geological formations. 
In the oxy-fuel process, a fuel like coal is combusted with pure oxygen instead of air, 
with exhaust gas added to regulate the combustion temperature. The resulting flue gas 
consists of almost pure CO2 along with some steam. Cooling the flue gas enables the CO2 
to be separated from the steam, which condenses to water at low temperatures. The CO2-
dense flue gas is then scrubbed using conventional equipment, which removes the 
minimal amounts of dust, sulfur dioxide, and nitrogen oxides it contains. The success of 
the oxy-fuel method depends to a considerable degree on determining how thoroughly 
these gases must be scrubbed from the CO2 before it can be safely transported and stored. 
It takes a lot of energy to produce the pure oxygen with which the fuel is combusted, but 
comparatively little to scrub the CO2 after combustion. Another challenge is to improve 
control of the combustion process in the boiler. Innovative solutions to meet these 
challenges will be important milestones towards rolling out the oxy-fuel process on a 
utility scale. 
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Figure 4: Oxy-fuel combustion cycle(Ref: http://www.eon.com) 
1.3.4 Gas separation using membranes (CCS technologies): 
Generally three types of membranes are currently available for gas separation 
applications and are considered for CO2 capture: 
• Organic porous polymer membranes. 
• Inorganic porous membranes, amorphous or crystalline. 
• Inorganic dense membranes, metallic or ceramic. 
Organic polymeric membranes are excellent candidate for CO2 separation from N2 for the 
post-combustion process. These membranes can even separate the H2/CO2 in pre-
combustion process but they have low thermal stability and are not suitable for high 
temperature and pressure applications [14]. On the other hand dense inorganic 
membranes are good in H2/CO2 and O2/N2 separation. Oxygen ion transport membranes 
(OTMs) are dense ceramic membranes which allow oxygen and only oxygen to pass 
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through the membrane. They have been the subject of much research in the past decade, 
and new materials are continually being created. They could be used to create a mixture 
of O2 and another gas, e.g. CO2, if air were on the feed side of the membrane and CO2 on 
the permeate side. Alternatively, air could pass over the feed side, a mixture of fuel and 
CO2 could pass over the permeate side, and combustion could take place in a chamber 
made of ceramic.  
1.3.5 Mixed ionic and electronic conducting (MIEC) membranes for 
O2/N2separation 
MIEC membranes are regarded as clean, cost effective technology and are good in 
separating oxygen from air. These membranes are dense in nature with no detectable 
pores which means that the molecular oxygen cannot pass through these membranes. 
These membranes have the capability of separating oxygen from air because of the 
oxygen vacancies in the crystal lattice which is created by doping of the material. Oxygen 
ions are transported from one side of the membrane to other by a mechanism called 
hopping. This mechanism is activated only if the oxygen anions have enough thermal 
energy to overcome the energy barrier to hop from one side of the crystal lattice to other 
which means that, for the membrane to operate high temperatures are required. The 
typical range for the membranes to activate the mechanism of oxygen transport is 700 0C 
to 1000 0C [15]. There will be a counter balancing electron transport to maintain electro-
neutrality in the material and there is no need of any potential voltage for the oxygen 
transport. ITMs are composed of specific combinations of inorganic compounds with a 
particular crystal lattice structure such as the perovskite or fluorite configuration [16]. 
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Perovskite membranes generally have a higher overall rate of oxygen flow through the 
membrane (oxygen flux) than fluorite membranes, but have a lower maximum operating 
temperature. ITM systems operate at relatively high temperatures, e.g., above 1000 K 
[17], and rely on a difference in O2 chemical potential to drive the separation process 
[18]. However, other key physical aspects such as ion surface exchange electrochemical 
reactions, molecular diffusion through porous layers, and convective-diffusive mass 
transfer must be considered [19]. Most of the oxygen flux data are obtained under mixed-
control of surface exchange kinetics and ion diffusion. BSCF, a relatively newer 
membrane material, appears to have the highest performance for separation-only 
applications [20], while LSGF-BSGF has been cited as one of the more promising for 
reactive applications due to its excellent stability under reducing conditions [21]. 
1.4 Objectives of Research: 
The objectives of this research are 
1. To develop a computational model of the isothermal ITM reactorcomprising of (a) 
ITM sub-model (for permeation of oxygen) (b) porous membrane sub-model (for uniform 
fuel injection) and flow, heat transfer and combustion sub-models for the purpose of 
achieving uniform combustion (temperature distribution) all along the length of the 
membrane (ITM). 
2. To validatethe ITM and porous membrane sub-modelsusing the experimental data 
available from previous research. 
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3. To optimize the isothermal reactor model through parametric simulations and analyses 
for (a) Permeation (separation only) and 
      (b) Combustion operating modes. 
4. To study the combustion characteristics in the model developed. 
1.5 Thesis Outline: 
The objective of this thesis is to design a novel methodology to study the transportation 
(permeation) of oxygen across the membrane based on the partial pressure of oxygen 
(across the membrane) and the activation energy required to ionize the oxygen molecules 
and to use the porous model in order to achieve uniform combustion all along the length 
of the membrane. 
This thesis contains six chapters. 
Chapter 1 introduces the fundamentals of hydrocarbon combustion. It also includes the 
subject of different combustion and sequestration techniques. It also discusses the 
challenges related to these techniques. The first chapter then discusses the possible 
solutions and defines the objectives of this thesis work.  
Chapter 2 reviews the literature related to different perovskite membranes and porous 
membranes. Summary of literature review presents a gist of the previous work done in 
the area of ion transport membranes especially related to LSCF and BSCF membranes. It 
also discusses the different cycles incorporating ion transport membranes. 
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Chapter 3 describes the problem statement and methodology for modeling ITM’s and 
porous membranes. It mentions the equations that are used for modeling ITM’s and 
porous membranes. 
Chapter 4 describes the numerical modeling of the oxygen transport reactor for the 
present study. It also presents the validation results for the models being used. 
Chapter 5 includes the results and discussions of the oxygen transport reactor for the 
present study. 
Chapter 6 includes the conclusions of the study and also presents the directions in which 
this study can be extended in future. 
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CHAPTER 2  
LITERATURE REVIEW 
2.1 Oxy-fuel Processes: 
In oxy-fuel combustion process, the fuel (coal, methane, etc) is burnt in an oxygen-rich 
atmosphere to produce CO2 enriched flue gases. The composition of the flue gases will 
be relatively clean comparedwith normal air-fuel combustion. This technology has been 
used in the glass and metal manufacturing industries. From the technical side, the oxy-
fuel process can be applied to the existing coal-fired power plants and new one with only 
oxy-fuel combustion chambers can be built [22]. The new technology of membrane 
separation and combustion is not yet fully matured for application in large scale power 
production units. However, the efforts put by the researchers [23-26] show large potential 
to implement this membrane integration with oxy-rich fuel combustion. The significant 
scope is present to see several aspects of oxy-fuel process for the use in coal-fired power 
plants, e.g. boiler design, combustion reactions and chemistry of combustion, sealing 
issues for oxygen transport reactor (OTR) which has to be investigated to make this 
technology more viable. The idea of this oxy-fuel combustion can be extended to natural 
gas combustion or syngas production withmembrane integration in combustion chamber. 
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More work has to be done for clarification of combustion issues such as reaction kinetics, 
ignition in case of coal-fired, flame stability, sealing of membrane and the activation 
energy required, making these OTR active for separation of oxygen from air. 
2.1.1 Oxy-fuel combustion: 
The combustion oxidizer generally used for the oxy-fuel process should have a purity of 
more than 95% and rest being nitrogen [27, 28]. In coal-fired combustion there has to be 
excess oxygen supplied to the boiler which is necessary to obtain a stoichiometric and 
homogenous combustion. In the flue gas along with CO2 there will be H2O vapors with 
small concentration of NOX, SOX, etc. The boiler flue gas is sent to a clean-up process to 
remove acid gases and particulates. Then it is gain treated for NOX removal in deNOX 
treatment unit, this NOX generation due to the air-leakage in boiler which  accounts to be 
8%-15% [28]. DeSOX treatment is also necessary for the removal of sulphur inside the 
boiler [29, 30]. After complete dehumidification of the flue gas, it is estimated that we 
have high purity CO2 ranging 85%-95% [31, 32] ready for compression and storage. 
If the combustion is done with natural gas (mainly methane) with integration of oxygen 
transport reactor then the process of DeNOX and DeSOX treating can be avoided since 
with membranes we have very high purity of oxygen and the leakage is also negligible 
compared to boiler reactor. Since the oxygen flames gives higher temperatures (due to 
high heating value) which has to be controlled, because of the material melting 
temperature constraints, around 2/3 of the flue gas needs to be recycled [22]. The missing 
element of N2 is replaced by recycled CO2 which will carry away the heat and will 
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increase the concentration of CO2 which is needed to separate it from the flue gas [30]. 
Moreover, the recycled CO2 is used to sweep out the permeate side of the membrane thus 
lowering the oxygen partial pressure and allowing the gradient of partial pressure of 
oxygen to remain across the membrane. If the membrane is integrated with combustor 
then oxygen is removed due to combustion. 
2.1.2 Flue gas composition: 
In general oxy-fuel combustion process, in which oxygen is separated and used in the 
combustion chamber, is considering two mechanisms for the flue gas recirculation for 
sweeping the oxygen permeated from the membrane. The first mechanism, shown in 
Figure 5, is called “wet recycling”. In this process flue gas is recycled directly after the 
clean-up process that removes of particulates and acid gases. The swept gas will be 
mainly composed of water and CO2. The second mechanism, shown in Figure 6, is “dry 
recycling”. In this process water is removed from the flue gas by condensation which 
doesn’t remove all but after condensation if we pass the flue gas through molecular sieves 
then we can eliminate the water completely [31].  
In case of Oxygen transport reactor in which permeation and combustion takes place at 
the same time the recycled CO2 will play a major role in controlling the temperature of 
the reactor and increasing the CO2 concentration at the exit of the combustor to make it 
feasible to capture it. 
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Figure 5:Oxy-fuel process with water condensation(Ref:[27]) 
 
Figure 6 : Oxy-fuel process without water condensation (Ref:[31]) 
2.2 Ion Transport Membranes (ITM‘s): 
2.2.1 Experimental studies: 
Tan and Li[33] studied oxy-fuel combustion using a catalytic ceramic membrane reactor. 
In his experimental work Tan et al has used perovskite La06Sr0.4Co0.2Fe0.8O3-α (LSCF-
6428) hollow fiber oxygen-permeable membranes, for combustion in a hollow fiber 
membrane reactor (HFMR). The results showed that as the methane feed flow rate 
increases, more oxygen is converted and the oxygen conversion eventually approaches 
100%. Furthermore no products other than carbon dioxide were observed during the 
experiments. It was concluded that the granular LSCF-6428 catalyst shows a high 
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catalytic activity to methane combustion. The oxygen concentration in the product stream 
was found to increase as the temperature was increased indicating that the oxygen 
permeation rate is higher than the oxygen consumption rate due to the reactions. The 
conversion for both methane and oxygen will increase as the reaction rate increases.  
Haihui et al [34] has done oxygen permeation study in a tubular Ba0.5Sr0.5Co0.8Fe0.2O3-
δoxygen permeable membrane.  Oxygen permeation flux was measured at different 
partial pressure on both side of the membrane for different membrane temperatures in the 
range of 7000C and 900oC. The results show that the oxygen permeation flux increases 
with increase of partial pressure of oxygen at shell side for a constant temperature. The 
increase of temperature also greatly affects the permeation flux along with the partial 
pressure of O2 at the feed side. The analysis is done on two mechanism of transport of 
oxygen, one is surface exchange current model and other is bulk diffusion given by 
equations (7) and (8) respectively. 
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Guillodo et al [35] has done experimental analysis for oxygen permeation through dense 
Bi2V0.9Cu0.1O5.35 ceramic membranes. For the analysis oxygen permeation rate was 
schematically decomposed in three steps: bulk diffusion, surface exchange between 
oxygen and oxygen vacancies at feed side and surface exchange between oxygen and 
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oxygen vacancies at permeate side. The oxygen flux was modeled using Wagner theory 
assuming both surfaces of the membrane are in equilibrium with the imposed gas 
atmospheres. The oxygen permeation flux is correlated as equation(9). 
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RTJ P P
F L
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− −
= −  (9) 
The experiments are done on three cells and out of which two cells were coated with 
porous gold layer. The amount of oxygen permeation flux was calculated by varying the 
pressure at the feed side between 102and 105 Pa. The results showed that permeation flux 
is proportional to the ( )1 2n nP P− where the best fit value of n obtained to be 0.5. The 
maximum value of oxygen flux was 79.1 10−× mol cm-1min-1 for 923K and 105Pa. 
Taheri et al [36] has compared the permeation of oxygen flux through three membranes 
SCF, LSCF-6482 and LSCF-8264 which was found to be a function of temperature and 
oxygen partial pressures for a particular thickness of membrane. The permeation of 
oxygen was assumed to predominant by bulk diffusion is given by equation(10). 
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The flux increased as LSCF-8264 < LSCF-6482 < SCF-82. The increase of flux was 
found to be linear to the ratio of natural log of partial pressure of oxygen at feed and 
permeate side. Zhu et al [37] has done experimental investigation of oxygen permeation 
through perovskite membrane under vacuum and elevated pressures.  The maximum 
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permeation reported was 9.5 cm3/cm2-min at 925oC and 7 atm pressure at feed site for 
200 ml/min mass flow rate of air at feed. 
2.2.2 Numerical studies: 
Xuan et al [38] have done numerical modeling by integrating the chemical kinetics for 
auto-thermal reforming of biogas. The performance and characteristics of biogas for 
hydrogen production has been studied for two-dimensional model which is based on the 
integration of chemical kinetics with the computational fluid dynamics. The analysis was 
done for three physical models; one was the conventional ATR reformer and other two 
with hydrogen membrane reformer and oxygen membrane reformer. The results obtained 
from the numerical investigation were compared with the experimental data of auto-
thermal reforming of methane and results were found to be in good agreement.  
Mirella et al [39] has done numerical and experimental investigation to mass transfer 
performance of Pd-Ag Membrane Modules for Hydrogen separation. Numerical analysis 
carried out for different modules of configuration for H2 and N2 mixture and compared 
with the experimental results are found to be predictive, requiring only the permeability 
characteristics of the selected membrane. Shigeo Goto [40] has studied the effect of 
hydrogen permeation rate through composite palladium membrane. The analysis is done 
for increasing temperatures for two different mode, CP mode and PC mode. The 
numerical models are based on the combined resistances of both composite and 
palladium film. From the results it was clear that with increase of temperature permeation 
rate increases under CP mode. 
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M Coroneo et al [41] has done CFD modeling of inorganic membrane modules for gas 
mixture separation for laminar flow. In the study Coroneo derived the permeation 
coefficient, based on the transport mechanisms for the gas molecules across the 
membrane such as molecular diffusion, Knudsen diffusion and viscous (Poiseulle) flow, 
and implemented in the source term formulation in continuity and species transport 
equation on either side of the membrane and with the Pd-Ag support. The analysis 
showed the dependence of transport mechanism has great impact on the permeation rate 
and for Hydrogen permeation molecular diffusion is predominant mechanism for high 
pressure. The mole fraction and permeation rate of hydrogen increases with increase of 
working pressure and are in good agreement with the experimental results. 
Oxygen transport in an ITM membrane is a physically complex process, and should be 
represented inside of a reduced-order ITM model without excessive computational 
expense. Mancini and Mitsos [7] developed a axially spatially-distributed, quasi two-
dimensional model, a compromise between extremely detailed oxygen transport models 
as in Ref[42] and simplified models found in black-box analyses, based on fundamental 
conservation equations, semi-empirical oxygen transport equations obtained from the 
literature [19], and simplified fuel oxidation kinetic mechanisms. Equation(11) shows the 
flux expression developed by Mancini and Mitsos. 
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2.3 Porous Membranes: 
A large number of studies have demonstrated the physics of flow through porous media, 
revealing that Darcy regime can predict the flow behavior properly when the flow 
velocity is sufficiently small, while Forchheimer regime, considering the inertial effects, 
is able to describe the flow pattern when the flow velocity becomes adequately large. 
Zhong et al demonstrated the use of differentiated value ofpressure from the charge of air 
into an isothermal chamber todetermine the permeability coefficient, the inertia 
coefficient aswell, and represent the flow rate characteristics in terms of Darcyequation 
and Forchheimer equation. They verified the effectiveness of the proposedmethod 
experimentally [43]. Under steady state condition, within a small pressure drop ∆P (∆P = 
P1– P2), the flow rate is approximately proportional to the pressure difference, indicating 
that the Darcy regime is applicable in the small pressure drop region. 
In porous membranes, it is believed that Poiseulle flow is predominant only when 
Knudsen number (the ratio of gas mean free path to pore diameter) is less than 0.01. 
When the Knudsen number is greater than 10, on the other hand, Knudsen diffusion is 
predominant [44, 45]. Li-Zhi Zhang [46] proposed a fractal gas diffusion model for 
prediction of permeability through macro and micro porous membranes. His model 
clarifies the gas diffusion mechanisms in the membrane pores: when the Knudsen number 
is less than 0.01, the Poiseulle flow is dominant; and when the Knudsen number is greater 
than 10, the Knudsen flow is dominant; and when the Knudsen number is from 0.01 to 
10, the two mechanisms coexist. His gas permeation model was validated numerically 
and experimentally.  
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Shelekhin et al [47] studied the gas permeability properties of He, H, CO2, 02, N2, and 
CH4 in micro porous silica membranes as a function of temperatureand pressure. They 
concluded that the permeation rate of Helium in the micro porous membrane was 
comparable to that in industrially produced polymeric membranes.Sawly et al [48] 
presented a numerical method for the simulation of flow in porous. The method was 
proved to provide good results for both saturated and unsaturated porous media flow. 
From his results the Darcy law was confirmed for low drift velocities in a saturated 
medium, while non-linear behavior was observed for higher velocities.  
Hou et al [49] presented a multi-scale approach to numerically simulate the gas flow in 
an Electrostatic precipitator (ESP) system with two parallel ESP units. The simplification 
of the perforated plates as porous jump boundaries was justified using a simple ESP 
experimental rig and it was found that the anisotropic porous media boundary has similar 
behavior while it is more convenient to control porosity distribution of the perforated 
plates. The consistency of the pressure drop through the PMs in the full system and the 
fitting curve in ESP unit study justified the simplification of the ESP unit as a uniform 
porous media.  
2.4 Oxy-fired Power Plants Incorporating Oxygen Transport Membranes: 
With cryogenic air separation there will be huge loss of efficiency of the oxy-fired cycles. 
However, OTMs offers promising oxygen production without such adverse effect on 
efficiency. Oxygen transport Membranes have been incorporated in power cycles and a 
well-developed example is Advanced Zero Emission Power (AZEP) cycle [50]as shown 
in Figure 7.In the cycle, after air is compressed it is split and part of it is used to heat 
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steam and air and part of it mixed with oxygen in OTM unit which is MCM in Figure 
7and returns to the combustion chamber as oxidant. The membrane conducts oxygen to 
fuel side and heats the air side. The oxygen depleted turbine (main turbine) drives both 
air compressor and the electrical generator. The combustion products used to heat the 
Rankine cycle and are cooled to condense after boiler leaving only CO2. The thermal 
efficiency of AZEP cycle is compared with conventional combined cycle power plant and 
it was found to be about 8.3% [51]. 
 
Figure 7 : AZEP Oxy-fired cycle incorporating OTM (Ref:[52]) 
The other cycle which was developed with OTM is Oxy-coal-AC cycle in Germany. The 
combustion products provide heat to air stream.  In this air turbine drives the compressor 
and the power is generated in bottoming cycle only. The efficiency of the cycle was 
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reported 41.6% with 4-end concept and 39.7% with 3-end concept [53].The 4-end 
concept and 3-end concept is described in the following paragraphs. 
Standler et al [54], has conducted analysis on Oxy-fuel coal combustion by efficient 
integration of Oxygen Transport Membranes, describes possible implementations of 
OTM into an Oxy-fuel process through three-end and four-end integration of membranes 
with a focus on overall cycle efficiency for different level of integration which includes 
low, medium, high integration, high integration with fogging and Co-firing. 
The four-end concept, shown in Figure 8 (left),refers to the application of sweep stream 
on the low pressure side in order to remove the permeating component and thereby 
increasing the driving potential whereas in the  three-end concept, shown in Figure 
8(right), vacuum is applied at the permeate side. 
Comparison of four end and three end concepts are shown in Figure 8. It is obvious 
through the experiments that the efficiency can be improved through optimization of 
membrane operation parameters such as oxygen separation degree, the partial pressure 
ratio and the total pressure ratio. It is found from the analysis that the oxygen 
concentration varies linearly with the separation degree and with 90% separation degree, 
16.5 volume% concentrations of oxygen and with the partial pressure ratio of 26 the 
adiabatic flame temperature achieved was about 1500oC.  
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Figure 8 : Oxygen conduction in OTM in four-end design (left) and three-end 
design(right)(Ref: [54]) 
The concept developed by E Yantovski [55], for oxy-fired power plant with zero 
emission came up with a new cycle called ZEITMOP (Zero Emission Ion Transport 
Membrane Oxygen Power) cycle [55]. The cycle has three turbines, one for combustion 
products, second for depleted oxygen and third for CO2 recirculation through the system. 
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Figure 9: The ZEITMOP cycle where OTR is remote from combustion chamber (Ref: 
[55]) 
In the present case shown in ZEITMOP cycle (Figure 9), the OTM reactor is remote from 
the combustion chamber. The separation of oxygen take place in OTM reactor and then 
led it to burn in combustion chamber and from the products of combustion CO2 is cooled, 
compressed and separated. To show the feasibility of ITMs, the numerical analysis of 
ZEITMOP power cycle with separate combustion and ITM reactor is done by Foy [56] 
using Aspen Plus for the combined OTR and combustion chamber in ZEITMOP cycle. 
For optimizing the thermal efficiency of the cycle many formats can be selected for CO2 
capture and improving the working performance of OTR. There is very wide potential of 
making hybrid power plants with OTR for carbon capture and clubbing the renewable 
energy sources like solar. The present work is focused on the study of combustion 
characteristics of OTR and the results can be used to optimize the total cycle efficiency. 
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2.5 Economic Feasibility: 
The study of economic feasibility of these technologies is an important issue that has to 
be considered. Since the coal fired power plants generate high rate of flue gases but with 
low CO2 concentration. There is huge capital investment needed to install the post 
combustion systems for massive volumes of flue gases in the present conventional power 
generation systems. Since most of the processes for CO2 capture is energy intensive, pre-
combustion and oxy-fuel process are viable processes which lies within in low 
investment. 
The Air Separation units (ASU) which uses cryogenic fractionation process to separate 
oxygen from air may alone consume about 13% of the power plant output [15]. On the 
other hand gas separation membranes have relatively low energy consumption and their 
integration into membrane reactors is very promising. Therefore, they are excellent for 
gas separation in retrofitting coal-fired power plants and the oxy-fuel combustion power 
plant. 
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CHAPTER 3  
PROBLEM STATEMENT AND 
SOLUTION METHODOLOGY 
3.1 Problem Statement: 
Ion Transport Membranes (ITMs) offer promising oxygen production technology with 
high purity (upto 99%) without adversely affecting the efficiency of the oxy-fired plants. 
The separation rate of such ITMs can be increased by replacing the conventional inert 
sweep gas with a reactant/diluent mixture (e.g. CO2, CH4) as this reduces the permeate 
partial pressure on the permeate side of the membrane, which, along with the 
temperature, governs the permeation flux. The significant limitation of this approach is 
that an uncontrolled, exothermic consumption of the permeated specie, can lead to 
membrane damage, and thus limits the potential of ITMs using reactive sweep gases (i.e. 
ITM reactors). To overcome the aforementioned problem, present oxygen transport 
reactor is modeled. 
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3.2 Present Oxygen Transport Reactor Modeling: 
In order to overcome the limitations, stated in the previous section, the present oxygen 
transport reactor has been modeled. This model is believed to achieve uniform 
temperature (isothermal ITM) all along the length of the membrane. An investigation of 
combustion characteristics in the present reactor model is performed. 
 
Figure 10: Schematic Diagram (with boundary conditions) of the oxygen transport 
reactor with ITM and porous membrane for oxygen separation and combustion 
Figure 10 shows the schematic diagram of the oxygen transport reactor for the present 
study. It consists of an ITM and a porous membrane arrangement which divides the 
whole reactor into three channels. The thickness of ITM and porous membranes is taken 
as 1mm. The top channel is called the air zone (or feed zone), the middle channel called 
the sweep zone (or permeate zone) and the bottom channel as the fuel zone. The length of 
the reactor is 400mm and the height of each channel is 30mm. The total height of the 
reactor is 90mm. Air or other mixture from which a component is to be separated is 
passed through the top (feed) channel with one wall made of an ITM material. In the 
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adjacent (middle/permeate) channel, a sweep gas is passed through to remove the 
permeated specie. The bottom channel (fuel zone) consists of porous wall (given 
POROUS JUMP boundary condition), through which a mixture of reactants and diluent 
can pass through. The outlet of the bottom channel is closed with a wall in order to 
increase the pressure of the fuel mixture to pump it across the porous membrane. The top 
and the bottom walls are assumed to be adiabatic. To ensure uniform combustion all 
along the length of the membrane, uniform stoichiometric ratio has to be maintained all 
along the length. Since the oxygen flux along the length of the ITM varies, fuel mixture 
must be introduced accordingly to obtain uniform stoichiometric ratio to ensure uniform 
combustion. For this purpose the porous membrane is divided into four parts of equal 
length but with different porosities. The values of the porosities for these four porous 
membranes are discussed in the following chapter. By introducing the reactant uniformly 
across the length of the ITM reactor, isothermal operation can be achieved. The fraction 
of diluents in (fuel mixture) can range from 0-100%. 
 
3.2.1 Boundary conditions and solution method: 
The inlet conditions and the operating conditions are applied under steady-laminar flow 
conditions. The mass flow rate of air is kept constant at a value of 0.03 kg/s throughout 
the study. The mass flow rate of CO2 through the sweep channel is also kept constant at a 
value of 1x10e-06 kg/s throughout the study. The discretization of the governing 
equations is done using a segregated compressible flow solver in which each governing 
equation is solved separately. The Semi-Implicit Method for Pressure-Linked Equations 
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(SIMPLE) formulation was used as a part of pressure-velocity coupling algorithm [57]. 
The convergence criteria for the continuity and velocity parameters were set to 10e-6 and 
species and energy equation were set to 10e-9 to offer sufficient iterations for complete 
convergence between the boundary and the interior mesh grid. To obtain the stable 
solution, the under relation factors, which limits the influence of previous iteration over 
the present which were fixed to 0.3 for pressure, 0.85 for density, 0.7 for momentum and 
0.8 for species and energy. The values of these under relaxation factors were lowered to 
prevent the oscillating solutions [58].’Pressure Staggered Option’ (PRESTO) scheme was 
used for pressure and ‘First order upwind’ discretization scheme was used for 
momentum, density, mass fraction and energy equation [57]. To enhance the convergence 
of solver ‘Aggressive Advanced Multi-grid (AMG) scheme was used. The AMG cycle 
type for the coupled equations involving pressure, momentum, energy and species were 
set to fixed ‘F-cycle’ as a recursive process. To avoid the irregular convergence patterns 
‘Bi-conjugate Gradient Stabilized Method’ (BCGSTAB) was employed. 
3.2.2 User defined function (UDF): 
Permeation of oxygen across the membrane is modeled using a series of user-defined 
functions that are written in VC++ and compiled and hooked in FLUENT software. The 
issue of hydraulic jump across the membrane was resolved by patching the cells from the 
upper and lower zones with two different values of initial partial pressures of species. 
The three different Macros used in UDF were ‘Define Initialize’, ‘Define Source’ and 
‘Define Adjust’. These macros link the cell index across the membrane which allows the 
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addition and subtraction of the source term in continuity and species transport equation. 
Additionally, the UDF updates the solver data for each iteration with new parameter at 
membrane wall. The partial pressure given in the oxygen flux equation is calculated as 
concentration Xi (%wt) of oxygen. 
3.3 Oxygen Transport Theory ofIon Transfer Membranes (ITMs): 
MIEC compounds form dense ceramic membranes, which exhibit significant oxygen 
ionic and electronic conductivity at elevated temperatures. In turn, this process allows for 
the ionic transport of oxygen from air due to the differential partial pressure of oxygen 
across the membrane, providing the driving force for oxygen ion transport. As a result, 
defect-free synthesized membranes deliver 100% pure oxygen. Electrons involved in the 
electrochemical oxidation and reduction of oxygen ions and oxygen molecules 
respectively are transported in the opposite direction, thus ensuring overall electrical 
neutrality [16]. 
Oxygen transport through a dense mixed ionic–electronic conducting material (Figure 11) 
involves three progressive steps: (i) the surface-exchange reaction on interface I; (ii) the 
simultaneous bulk-diffusion of charged species and electron/electron holes in the bulk 
phase and (iii) the surface-exchange reaction on interface II [59] and [60].  
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Figure 11 : Different processes involved in oxygen transport during oxygen permeation, 
(Ref [16]) 
The overall rate of oxygen permeation is expected to be limited by the slowest process or 
slowest moving species [59, 61, 62]. For example, in certain fluorite-based compounds, 
when the ionic conductivity is very high as compared to the electronic conductivity; the 
oxygen flux is mainly a function of the electronic conductivity, as seen for example in 
most bismuth oxide and zirconia-based compounds [59, 61-68]. However, as the 
membrane thickness is decreased, the controlling step will no longer be bulk-diffusion 
but surface-exchange reaction [59, 62, 68, 69]. Figure 12shows a typical variation of 
determining steps with membrane thickness. 
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Figure 12 : Variation of regime from bulk-diffusion to surface-exchange reaction limited 
with decreasing membrane thickness (Ref: [69]) 
3.3.1 Determination of the characteristic membrane thickness Lc: 
The “critical thickness,” or “characteristic length,” Lc is used to estimate the relative 
importance of each transport process [15]. Lc was introduced by Bouwmeester et al. in 
order to distinguish whether bulk diffusion or surface exchange govern the kinetics of 
oxygen permeation [70]. A characteristic thickness, Lc is defined as the membrane 
thickness at which the oxygen permeation is equally determined by the surface-exchange 
kinetics and bulk-diffusion. 
 
* 1i
C
D DL
k k h
= = =  (12) 
where ‘k’ is the surface exchange coefficient and ‘D*’ the tracer diffusion coefficient.  
Here k expresses the exchange flux normalized by the molar concentration of oxygen 
anions at equilibrium, Di is assumed to be identical to D*, the tracer diffusion coefficient. 
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D* and k values are available from the 18O–16O isotope exchange experiments. If the 
thickness of the membrane is greater than the characteristic thickness, then bulk transport 
dominate, if the thickness of the membrane is less than characteristic thickness then 
oxygen transport is equally limited by both surface exchange kinetics and the bulk 
diffusion. 
When the thickness of the membrane is much lower than 2Lc, the oxygen flux is 
independent of the thickness of the membrane. A value of 100μm is often quoted as the 
characteristic membrane thickness for perovskite structures although the Lc value can be 
much higher, up to 3000μm [70]. Calculations show that Lc can vary from the μm range 
to the mm range [15]. In general, ion diffusive transport is dominant for thick membranes 
operating at high temperatures under low partial pressure gradients, while surface 
exchange kinetics are necessary to model oxygen transport for thin membranes in the low 
temperature regime [16].  
Different compounds of varying thicknesses tend to have different determining steps. 
Several limiting cases in which a different step becomes the controlling process for a 
certain material are discussed below. 
3.3.2 Limitations of bulk diffusion: 
The diffusion process for the thick membrane is commonly the slowest step. The Wagner 
theory can be used to describe the oxygen flux [60]. 
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The oxygen flux permeation equation is derived based on the assumption that local 
equilibrium exists between the two charged species such as oxygen ion and electron a 
hypothetical neutral species such as molecular oxygen in the bulk side. For consideration 
at least three species can contribute to the bulk-diffusion processes which are i) Oxygen 
vacancies, ii) electrons or iii) electron holes. 
3.3.2. (a) Limitations of oxygen vacancies diffusion: 
In the case of a mixed conductor where the electronic conductivity dominates, i.e., 
e iσ σ>>   and iσ  is a function of oxygen partial pressure only in the permeation flux 
equation.  
The chemical potential in an ideal thermodynamic system is given by 
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A more general expression for ionic conductivity is given by the Nernst–Einstein relation 
[71],  
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For average value of iσ  and for small oxygen partial pressure gradient the oxygen 
permeation flux equation can be integrated as, 
 2
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If the oxygen ionic conductivity, in general, can be correlated to oxygen partial pressure 
in a simplified manner as,  
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then the oxygen flux can be given as, 
 ( )2 2 2' "24
o n n
O i O O
RTJ P P
F L
σ − −= −  (20) 
3.3.2. (b) Limitations of electrons diffusion: 
For ideal thermodynamic systems, the electronic conductivity is a function of its electron 
concentration as 
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The Wagner flux equation can therefore be manipulated as 
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The electronic defects could be properly assumed to proceed as 
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And by using the basic laws of chemicalreaction the value of ‘n’ can be derived as
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If the concentration of all other species (oxygen vacancies and interstitials) is much 
higher, then the electron concentration is proportional to
2
1
4
OP
−
. 
All assumptions above have led to the final dependence of oxygen flux on-(1/4)th order of 
oxygen partial pressure as given by equation(25). 
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3.3.2. (c) Limitations of electron holes diffusion: 
The electron holes assumed to follow the equation  
 "2 2 2 4
x
O OO V O h+ ↔ +  (26) 
By same assumptions made as in electron diffusion, oxygen flux equation can be derived 
as 
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where h is derived by using the basic laws of chemical reaction. 
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3.3.3 Limitations of surface exchange reactions: 
If the oxygen transport resistance in the bulk phase becomes very small due to an 
increase in the ionic or electronic conductivity or decrease in the membrane thickness, the 
surface-exchange reaction rate would become the limiting step in the oxygen permeation. 
The Wagner equation is not applicable when surface reaction becomes rate limiting step 
foroxygen flux. Other mechanisms and relations have been proposed to explain the 
oxygen flux within this regime. Dou et al. [68] has proposed possible mechanisms to 
incorporate the surface reaction into bulk-diffusion and came up with the following flux 
equation(29). 
 
1/2 1/2
2 2 2
' ''( )O OOJ p pα= −  (29) 
This flux equation has been used successfully to describe the oxygen permeation in a 
calcia-stabilized zirconia system, (ZrO2)0.85(CaO)0.15 when the thickness of the film 
reached less than 1.75 mm. 
Kim et al [72] has derived an equation(30) which accounts for the surface exchange 
kinetics for tubular perovskite membranes which was used to fit the oxygen permeation 
data for SrCo0.8Fe0.2O3-δ and Sm0.5Sr0.5CoO3-δ. 
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3.3.4 Generalized transport equations: 
Several research groups [19, 73, 74] demonstrated the possibility to incorporate all the 
limiting cases of transport as discussed above into a single explicit equation with the 
following assumptions [16]. 
i. The oxygen permeation rate across the membrane is governed by the flux of 
oxygen vacancies as the electronic conductivity in perovskite is much greater 
than its ionic conductivity. 
ii. A steady-state electric field gradient is negligible due to fast movement of 
electron holes (electronic holes is assumed to dominate the electronic 
conductivity). 
iii. Ideal gas behavior is applied to the gas phase. 
iv. The radial diffusion is neglected while the diffusion coefficient of oxygen 
vacancies vD  is assumed to be constant. 
v. Surface-exchange reaction in the feed side is governed by equation(31) while 
the reverse of equation applies to the permeate side, both with the rate 
constant fk  and rk that is equal for both sides. 
 "2 2 2 4
x
O OO V O h+ ↔ +  (31) 
vi. Concentration of electron holes is considered constant at both sides of the 
membrane while the law of mass action is applied for other components. 
 45 
 
Equation(32) has been derived specifically for disk-shaped membranes and has been 
shown to fit the oxygen flux for LSCFO for temperature range of 750oC-950oC and for 
0.21-1.0atm oxygen partial pressure at the feed side and 4.64e-04 – 2.3e-02atm on the 
permeate side. In the equation, each term in the denominator represents resistance in the 
feed, bulk membrane and permeates side respectively. 
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Xu et al [19] has developed an explicit  steady state oxygen permeation flux model for 
ion-conducting membranes (LCSF-6428) with a high ratio of electronic to ionic 
conductivity, to correlate the permeation flux to directly measurable variables. Surface 
exchange kinetics at each side of the membrane was emphasized and their resistance to 
oxygen permeation has been quantitatively distinguished from the bulk diffusion 
resistance. 
 2 2
2
2 2 2 2
' 0.5 " 0.5
" 0.5 ' 0.5 ' 0.5 " 0.5
( ) ( )
2 ( ) ( ) (( ) ( ) )
 − =
+ +
v r O O
O
f O O O O v
D k P P
J
Lk P P P P D
 (33) 
Where vD , fk , rk  are functions of temperature and specific properties of the membrane 
and can be obtained by fitting experimental oxygen flux data as a function of temperature 
and oxygen partial pressure gradients. 
Equation(33) can be rewritten in form as,  
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Where equation(35) is the oxygen pressure driving force across the membrane and 
equation(36) is the total resistance to permeation. 
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If any one step is limiting then its resistance dominates the total pressure, so the 
permeation flux based on the single step can be given as follows 
Bulk diffusion: 
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Surface exchange: oxygen-rich side   :  
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Surface exchange: oxygen-lean side   :     
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The value of vD , fk , rk   can be obtained by the following expressions. 
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Where , ,r D fE E E are the activation energies (kJ/mol) and 
0 0 0, ,r v fk D k  are pre-exponential 
coefficients for reverse, bulk and forward reaction rate constants respectively. 
From the literature it has been concluded that BSCF membranes offer high oxygen 
permeation flux than LSCF membranes at particular temperature and partial pressure 
range. But the former are less stable at high temperatures than the later. Hence inorder to 
have reasonable oxygen fluxes along with the stability of membranes at high combustion 
temperatures, LSCF membrane model has been used to study the present oxygen 
transport reactor. The equations to model this membrane are taken from Xu et al [19], 
which have been explained earlier. 
3.4 Theory of Flow Through Porous Media: 
A porous media consists of some particulate phase, contained within a vessel, or a control 
volume, as illustrated in the Figure 13. The fluid flow rate through the bed cross-sectional 
area is A (m2). Thus the superficial (or empty tube) velocity U0 is the total flow rate 
divided by the cross sectional area. The existence of the particles within the bed will 
reduce the area available for fluid flow i.e. to preserve fluid continuity. With the entering 
superficial flow the fluid has to squeeze through a small area; hence the velocity within 
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the bed (U – interstitial velocity) will be greater than the superficial. The volume fraction 
of solids present (i.e. volume solids in bed divided by total bed volume) is usually 
referred to simply as the volume concentration, or solids fraction, and the remaining 
fraction is that of the voids. 
 
Figure 13 : Flow through porous media 
The void fraction is called the voidage or the bed porosity. The porosity is usually an 
isotropic property (i.e. the same in all directions) hence the interstitial velocity is simply 
related to the superficial velocity by equation(46), which comes from a consideration of 
fluid continuity. 
 0UU
ε
=  (46) 
When the bed is full of solids (porosity is zero –possible with cubic particles placed 
carefully within the bed) the resistance is infinite. When no solids are present and the 
porosity is unity, the interstitial velocity will be same as the superficial velocity. The 
resistance to the fluid flow gives rise to a pressure drop in the fluid (∆P).  
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Due to the complexity of flowing through porous media, the following assumptions are 
made to enable a theoretical derivation[43]. 
 (1) Inner geometry of the porous media is isotropic and homogeneous, thus, the fraction 
of void area to total area of a typical cross-section is normally equal to the porosity. 
(2) Pressures on the same cross-section are consistent, as well as the velocities. 
(3) Air flowing through the porous media remains isothermal (room temperature). This 
can be explained as that there exists a considerably large interface between air and 
internal particle so that heat exchange is rather fast and easily to be fully completed.  
The mean flow velocity, which changes with the air density along the length direction, is 
written in the following form: 
 
GV
Aρ φ
=  (47) 
where V is the flow velocity, G is the mass flow rate, ρ is the density, A is the cross-
sectional area and ϕ is the porosity. Assuming that the air is a perfect gas, density ρ is 
expressed as 
 P
R
ρ
θ
=  (48) 
where p is the pressure, R is the gas constant and θ is the temperature. Two cases of flow 
regimes, Darcy regime and Forchheimer regime, are considered to characterize the flow 
pattern, respectively. When the flow velocity is sufficiently small, it is greatly affected by 
viscous effects and proportional to the gradient of pressure, as governed by Darcy regime 
 dp V
dx k
µ
− =  (49) 
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where μis the air viscosity, x is the displacement along length direction and k is the 
permeability coefficient denoting the fundamental characteristic of porous media.On the 
other hand, for high velocity flow, inertial effects prevail over the viscous effects and 
become dominant. Forchheimer regime, which takes into account the inertial effects by 
adding a quadratic term on the basis of Darcy regime, describes the flow pattern as shown 
in equation(50). 
 
2
1/2
dp V v
dx k k
µ ρβ− = +  (50) 
where β is a dimensionless coefficient called inertia coefficient[43]. 
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CHAPTER 4  
NUMERICAL MODELING 
Numerical modeling of the present Oxygen Transport Reactor using ion transport 
membrane and the porous membrane has been accomplished using the control volume 
approach FLUENT. The velocities, are determined midway between the grid points while 
the remaining variables are computed at each grid point.  A staggered grid arrangement is 
used in the present study, which links the pressure through the continuity equation and is 
known as SIMPLE algorithm [88].The permeation of oxygen through the membranes and 
combustionis solved as a two dimensional axis-symmetric problem using the double-
precision solver. To ensure convergence, the temperature, mass fraction of CO2 and H2O 
(in case of combustion) at the outlet of the fuel zone is monitored using surface monitors 
along with the scaled residuals. Discretization of momentum and energy equations has 
been done using second order upwind schemes.  
The mechanism of oxygen transport through the dense perovskite LSCF 1991membrane 
is shown in Figure 14. At feed side oxygen molecules are absorbed on the membrane 
surface and converted to oxygen ions. These oxygen ions then migrate to permeate side 
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through the bulk via the oxygen vacancies and then it gets recombine with the holes to 
form oxygen molecules. 
 
Figure 14 : Mechanism of oxygen transport through dense ion transport membrane by 
considering surface exchange mechanism 
The CFD methods have been applied to the simulation of separation of gas from the gas 
mixture only in few cases [39-41, 75]. So far the CFD application to these membranes 
modeling study gives promising results, thus adopting CFD methodology for design and 
optimization of ion transport membranes for Oxy-fuel combustion power generation 
technologies. This work is aimed at presenting a CFD model and its applicability to the 
prediction of the separation behavior of a perovskite membrane for oxygen separation 
and also to study the combustion characteristics to achieve uniform temperature 
distribution along the length of the ITM by introducing fuel using a porous membrane. 
Simulations were run under different partial pressures and the predictive capability of the 
model is shown. 
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4.1 CFD Methodology and Numerical Solutions: 
4.1.1 Scope of CFD: 
Computational Fluid Dynamics modeling for gas transport could be considered as a 
powerful tool to study the separation of a gas (O2) from a gas mixture (air).The objective 
is to visualize the flow and gas mixing inside the reactor. The current CFD model can 
predict the mass flow through the membrane, coupling the species transport with the 
defined mechanism of permeation. The permeation flux, local composition of the mass 
fractions within the gas mixture can be predicted using the governing equations as 
presented in the next section. 
4.1.2 Governing equations: 
The numerical simulations are based on the CFD methodology developed by Coroneo et 
al [41] which was developed in the realm of a finite volume method. The velocity and the 
pressure fields of the gas mixture are obtained from the numerical solution of the mass, 
momentum, energy equations, while the species concentration distribution and the fluxes 
at the permeate and the feed side are obtained by the scalar convection-diffusion equation 
including source term to account the mass flow of the species across the membrane. 
The steady state equations for conservation of mass, momentum, and energy and species 
equation for Newtonian fluids were considered: 
 .( )ρ∇ = iU S  (51) 
 2.( )UU p Uρ µ∇ = −∇ + ∇  (52) 
 ( ) ( )p f fC U T k Tρ ⋅∇ = ∇ ∇  (53)   
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 ,( ) ( )i i m i iUY D Y Sρ ρ∇⋅ −∇ ⋅ ∇ =  (54) 
Where U  it the velocity vector, ρ is the fluid density, p  is the pressure, µ is the 
dynamic viscosity, iS is the source or sink term. The source mS  is the mass added to the 
continuous phase. The iS  source/sink term accounts for the mass flow of species across 
the membrane. At the membrane boundary cells the species are allowed to disappear 
from one of the membrane sides through a sink term and to come out on the other 
through a source term. To apply this methodology the preliminary knowledge of the 
permeability characteristic of the membrane is required to formulate the source term. The 
diffusion coefficient was determined by specifying ,i jD , the binary mass diffusion 
coefficient of the component i in the component j. The corresponding diffusion 
coefficient in the mixture, ,i mD , is computed as [58]. 
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Where iX  is the mole fraction of species i . The binary mass diffusion coefficient, ,i jD are 
calculated by Chapman-Enskog formula using kinetic theory [76]. 
In the present work, the source term takes in account of only oxygen permeation across 
the ion transport membrane as given by the following expression. 
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Special source terms are applied in continuity and species transport equations on the 
computational cells adjacent to the membrane, in order to couple the equations to the 
volumetric-basis. It is worth observing that the driving force in the source term is 
evaluated adopting local values, thus removing the assumption of lumped parameter 
models. 
Porous jump condition [58] is used to model thin "Porous membrane'' that has known 
velocity (pressure-drop) characteristics. It is essentially a 1D simplification of the porous 
media model available for cell zones. This simpler model is used (instead of the full 
porous media model) because the results obtained using this condition are in good 
agreement with the experimental results (validated against the experimental results of 
Zhong et al[43]) and also it is more robust and yields better convergence.  
The porous medium has a finite thickness over which the pressure change is defined as a 
combination of Darcy's Law and an additional inertial loss term:  
 22
1( )
2
p C mµ υ ρυ
α
∆ = − + ∆  (56) 
where ‘ µ ’ is the laminar fluid viscosity, ‘∝’ is the permeability of the medium, ‘C2’ is 
the pressure-jump coefficient, ‘ν’ is the velocity normal to the porous face, and ‘∆m’ is 
the thickness of the medium. 
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4.1.3 Radiation model: 
In order to include the effects of radiation on the present oxygen transport reactor 
“Discrete Ordinates” radiation model has been used.The discrete ordinates (DO) radiation 
model solves the radiative transfer equation (RTE) for a finite number of discrete solid 
angles, each associated with a vector direction  fixed in the global Cartesian system 
(x,y,z)[58]. 
The DO model considers the radiative transfer equation (RTE) in the direction  as a  
 φ∫
4
π
4→ → → → → → →' → →'
2 's
s
0
σσT∇.( I( r ,s ) s ) +( a +σ) I( r ,s ) = an + I( r ,s )( s .s ) dΩ π4
…..(57) 
Here ‘n’ is the refractive index and is taken as unity. The absorption coefficient (1/m) of 
the gases is modeled using weighted sum of gray gases model (WSGGM). It is a 
reasonable compromise between the oversimplified gray gas model and a complete 
model which takes into account particular absorption bands. The internal emissivity of all 
the walls and membranes is taken as 0.8. 
4.1.4 Geometry and domain generation (For validation): 
The grid for simulations was generated by using the meshing software GAMBIT. 
Validation for ITM and porous Jump model has been done individually;therefore two 
separate grids have been prepared. The dimensions of the computational domain were 
identical with that of experimental setup for ITM model (used by Kusaba et al[77]) as 
well as Porous Jump model (used by Zhong et al [43] ). The membrane cell 
computational geometry for ITM model validation, as show in Figure 15, consisted of 
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mass flow inlet, boundary for introducing the feed in two fluid zones i. e, Air feed and 
Sweep(N2) feed and two pressure outlets for retentate and permeate flows. The 
membrane in the domain was defined as shadowed wall, while all other edges represented 
the barriers of the remaining cell geometry. The computational grid consisted of axis-
symmetric 2D dimensional domain. Effect of gravity is neglected. 
 
Figure 15 : ITM disc membrane model used for validation (Ref: [19]) 
The 2D axi-symmetric computational domain for Porous membrane model validation, is 
shown in Figure 16, consists of mass flow inlet boundary for introducing fluid at the inlet 
and one pressure outlet boundary condition at the outlet. The porous membrane in the 
domain was defined as POROUS JUMP boundary condition, while all other edges 
represented the barriers of the remaining cell geometry.  
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Figure 16: 2D Axi-symmetric model for porous jump (Boundary condition) 
validation(Ref: [43]) 
4.2 Validation: 
There are two models used for the present study. The first one is the user defined function 
(UDF)  used to model ITM and the second one is the POROUS JUMP boundary 
condition used to model the porous membrane. The validation for these models with 
experimental results are done individually choosing the geometry and physical properties 
of kusaba et al[77]and Zhong et al[43] respectively (shown in Figure 15, Figure 16 
respectively).  
4.2.1 ITM (UDF) validation: 
Xu et al [19] reported studies on oxygen separation using LSCF membranes for different 
partial pressures of air for increasing temperature conditions and has come up with 
expressions for the same. The experimental conditions were maintained at steady state 
with laminar flow.  The validation for the UDF, used to model the ITM in the present 
study, is done against the experimental results of kusaba et al[77] using the flux 
equation(58) given by Xu et al[19].  
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The values of the pre-exponential coefficients(Dv, Kr, Kf) and activation energies  have 
been fitted to the experimental results of kusaba et al[77](LSCF 1991). The values of Dv, 
Kr, Kf for LSCF 1991 are given in Table 1. 
Table 1 : Dv, Kf, Kr values for present calculations 
Expression 
Pre-Exponential coefficients Activation Energy 
(kJ/mol) Unit Value 
Dv = Dv0 e(-ED/RT) cm2/s 1.58 x 10-1 73.6 
Kf = kf0 e(-Ef/RT) cm/atm0.5.s 1.11 x 1012 226.9 
Kr = kr0 e(-Er/RT) mol/cm2.s 3.85 x 107 241.3 
 
Figures 17-19shows the comparison of oxygen permeation fluxes, for three different 
thicknesses of the membranes (0.8mm, 1mm, 2mm respectively), obtained in the present 
calculations with that of the experimental results.  
 60 
 
 
Figure 17: Variation ofoxygen flux with increasing membrane temperature for a 
membrane thickness of 0.8mm 
 
Figure 18: Variation ofoxygen flux with increasing membrane temperature for a 
membrane thickness of 1mm 
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Figure 19: Variation ofoxygen flux with increasing membrane temperature for a 
membrane thickness of 2mm 
The results show that the present model for ITM is in good agreement with the 
experimental results. The percentage error between the present numerical results and that 
of the experiments is found out to be less than 25 which is well in the acceptable range. 
Since the present calculations are very close to the experimental results obtained with 
1mm thickness membrane, therefore 1mm thick ITM is considered to model the present 
oxygen transport reactor (isothermal reactor) under study. 
4.2.2 Porous membrane validation: 
The porous membrane is modeled using the POROUS JUMP boundary condition as 
described in the earlier sections. Darcy’s law, given by equation(59), is used to model the 
porous membrane.  
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 22
1( )
2
p C mµ υ ρυ
α
∆ = − + ∆  (59) 
This model is validated against the experimental results of Zhong et al[43] for four 
porous membranes of different diameters and thicknesses. Figure 20 shows the 
comparison of the experimental results of Zhong et al[43] and the present numerical 
simulations for four porous membranes of different diameters and thicknesses. The 
percentage error is found out to be less than 3, which shows that the current model used 
for porous membrane is reliable and can better capture the results with less computational 
time and effort.  
 
Figure 20: Pressure drop for different flow rates for four different porous membranes 
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4.3 Grid Independent Test: 
4.3.1 Computational grid details: 
GAMBIT software was used to generate the grid. Figure 21 shows the computational grid 
for the model being studied. The reactor is divided into three zones;the top zone for the 
inlet of air, the middle zone for sweep inlet and the bottom zone for fuel mixture inlet. 
UDF is used to model ITM and a POROUS JUMP boundary condition is used to model 
the porous media. The grid was made fine near to the ITM and the porous walls. An 
aspect ratio of less than 2 is used for the grid. 
4.3.2 Grid independency test results: 
In order to ensure grid independence, a grid independence test must be performed to 
choose a suitable grid. Figure 21 shows the computational grid for modeling the reactor 
under study. It can be seen that the grid is made fine near to the ITM and porous 
membrane in order to capture the gradients accurately. Three different grids with nodal 
densities 10000, 15000, 20000 were used for this test. Grids with nodes more than 20000 
were also used for the grid independency test. It showed no obvious advantage but rather 
increased the computational effort and time.   
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Figure 21: Computational grid for the present study of oxygen transport reactor 
Mass flow rate of the air and sweep gas (CO2)is taken as 0.3 kg/s and 1×10-06 kg/s 
respectively. Mass flow rate of the fuel mixture is taken as 0.00075 kg/s, where the mass 
fraction ratio of CH4/CO2 used is 0.2/0.8.  Figure 22 shows the temperature on the 
permeate side of the ITM for three grids mentioned above. It is clear from the figure that 
the grid with nodes 10000 could not capture accurate results whereas grids with nodes 
15000 and 20000 overlap. Similar results are found for the mass fraction distribution of 
CH4 along the centre line of the reactor, shown in Figure 23. These observations show 
that the accuracy of the solution with the 15000 nodes grid is deemed to be satisfactory 
for the present simulations and gives better visualization of flow parameters. 
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Figure 22:Grid Independency test: Temperatures on the permeate side of the ITM 
 
Figure 23:Grid Independency test: Mass fraction of CH4 at the centre line of the oxygen 
transport reactor 
Distance (m)
Te
m
pe
ra
tu
re
(K
)
0 0.1 0.2 0.3 0.4
1140
1160
1180
1200
1220
1240
10000 Nodes
15000 Nodes
20000 Nodes
Axial distance (m)
M
as
s
fra
ct
io
n
of
C
H
4
0 0.1 0.2 0.3 0.4
0
0.01
0.02
0.03
0.04
0.05
10000 Nodes
15000 Nodes
20000 Nodes
 66 
 
Table 2 presents the maximum temperature obtained using four different grids and the 
error has been calculated. The percentage error has been calculated with reference to the 
maximum temperature obtained using the grid with nodes 25000. It has been observed 
that error with 15000 nodes grid is less than 1%. With grids more than 15000 nodes does 
not show any obvious advantage. Hence for further case studies the grid with 15000 
nodes has been used.   
Table 2: Grid independency test: 
No. of Nodes Maximum temperature (K) Percentage error (%) 
10000 1209 2.9 > 1 
15000 1245.1 0.13 < 1 
20000 1246.67 0.025 < 1 
25000 1246.8 --- 
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CHAPTER 5  
RESULTS AND DISCUSSIONS 
In the present study a two dimensional model is used to simulate the combustion 
characteristics in an oxy-fuel reactor.This chapter consists of three sections. In the first 
section, results depicting the fluid flow and oxygen permeation fluxof non-reactive 
(separation only)cases are discussed. In the second section results of reactive (separation 
and combustion) cases i.e. the fluid flow, oxygen permeation flux and combustion 
characteristics are discussed. Finally in the third section the advantages of the present 
model reactor under investigation over the conventional co-feed reactor are presented. 
5.1 SeparationOnlyMode (Non-reactive cases) 
In this work the performance of an oxygen transport reactor using ITM-LSCF membrane 
[La0.1Sr0.9Co0.9Fe0.1O3-δ] with the dimensions given in Figure 10 was investigated. The 
study focuses on the effect of partial pressures of oxygen on both the feed side and the 
permeate side of the ITM membrane. The composition of the gas mixture on the 
permeate side, while the reactor is operating at 1 atm, has also been studied. The mass 
flow rate of air on the feed side of the ITM is kept constant, a value of 0.03kg/s, 
throughout the study. Air is assumed to consist of N2 (77% by mass) and O2 (23% by 
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mass). The mass flow rate of sweep gas (CO2) in the middle channel (i.e. sweep channel) 
is also kept constant; a value of 1 × 10-06, throughout the study. The flow considered is 
laminar and steady in nature. The inlet temperature of all the gases is kept constant at 
1173K throughout the study. The temperature is so chosen as it is believed to give the 
maximum oxygen permeation fluxes for  particular LSCF membranes [77] and is well in 
the operating range of ITM’s for stability purpose [78]. As discussed in the earlier 
section, the porous membrane is divided into four equal parts and is assigned ascending 
order porosities from inlet to the exit of the reactor. The four porous membranes are 
designated as P1, P2, P3, and P4 and are given their respective face permeabilities as 1.47 
× 10-20 m2, 3.47 × 10-13 m2, 1.47 × 10-12 m2, 2.47 × 10-12 m2. These values are selected 
randomly to obtain the desired uniform stoichiometric ratio all along the length in the 
middle channel. The CO2 gas is used in the fuel mixture not only to control the flame 
temperature but also to make up the volume of the missing N2. Argon gas is used in the 
fuel mixture in order to increase the fuel flow rate to ensure that there is enough gas to 
carry CH4/CO2 mixture all through the length to the other side of the porous membrane. 
The mass fraction of Argon gas in the fuel mixture is kept constant at 0.75 throughout the 
study. The remaining mass fraction of fuel mixture i.e. 0.25 comprises of CH4 and 
CO2.The mass fraction of this fuel mixture (CH4+CO2 = 0.25) has been varied. The 
variations of CH4/CO2 in this fuel mixture are presented in terms of their relative 
percentages. Table 3shows the relative percentages of CH4 and CO2in the fuel mixture. 
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Table 3:Relative percentages of CH4 and CO2 in the fuel mixture(On mass basis) 
4  2
4 2
Ar CH CO        4                  2
     Re   
Case                                
                        
       Y     Y   Y    CH  CO
1     0.75  0.
 
Massfractions lative percentages
in of
fuel mixture CH and CO
0025 0.2475    1%            99%
2    0.75  0.01  0.24       4%            96%
3    0.75  0.02 0.23       8%           92%
4    0.75  0.05 0.2       20%           80%
5    0.75  0.15 0.1      60%           40%
6    0.75  0.25 0      100%          0%
 
Thermal conductivity of perovskite membranes such as LSCF, BaCeO3, BaZrO3 ranges 
from 5-12 W/m/K for temperature operation in the range 500-1000 oC [79, 80]. In the 
present simulation the thermal conductivity of LSCF is assumed 4 W/m/K.To study the 
ITM characteristics and the composition of gas mixture on the permeate side of the ITM 
the numerical simulations are carried out with the conditions shown in Table 4. 
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Table 4: List of parameters and their values 
2
4 2
   
air
                  •
-6
sweep, CO
                      •
fuel, (CH +CO Ar)
inlet,air
inlet,sweep
inlet,fuel
Parameter Value
  m 0.03 Kg/s
           m 1×10  Kg/s
           m 0.00075kg / s
T 1173 K
T 1173 K
T 1173 K
•
+
4,fuel mixture
2,fuel mixture
3
ITM
ITM
CH 4%
CO 96%
ρ 6000 Kg/m
λ 4 W/m/K  
The partial pressure on the feed and permeate sides along with the oxygen flux for a 
constant mass flow rate of fuel mixture is presented in Figure 24. Figure 24(a) shows the 
partial pressure of oxygen on the feed side and permeate sides of the ITM. The 
corresponding flux of oxygen is shown in Figure 24(b). It is observed that the partial 
pressure of oxygen on the permeate side of the ITM is zero at the inlet as there is no 
oxygen. It increases gradually as the oxygen starts permeating and then becomes 
constant. On the other hand the partial pressure of oxygen on the feed side is 0.21 bar at 
the inlet and then reduces slightly, because of the permeation of oxygen to the permeate 
side, and remains constant all along the length. The oxygen flux shows a very high value 
at the inlet and then reduces suddenly until it reaches a constant value. This can be 
explained from the zero partial pressure value at the inlet. The zero partial pressure at the 
inlet causes Δp across the ITM to reach a maximum value. As flux is a primary function 
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of Δp across the ITM membrane, the increase in Δp causes the oxygen permeation flux to 
increase. Therefore the oxygen flux starts with a maximum value at the inlet. When the 
oxygen molecules starts migrating to the permeate side, i.e. when desorption of oxygen 
ions takes place on the permeate side, the partial pressure on the permeate starts building 
up causing Δp to reduce along the length of the ITM and then becomes constant. As a 
result, the oxygen flux also becomes stable attaining almost a constant value all along the 
length of the ITM. 
 
Figure 24: (a) Partial pressure of O2 on the feed and permeate side of the ITM; (b) Flux 
of O2 for a constant mass flow rate of fuel mixture 
Figure 25(a) shows the mass fraction distribution of species along the centre line of the 
reactor. The corresponding ratio of O2/CH4 (approximately uniform) along the centre line 
is presented in Figure 25(b). It is observed that the mass fraction of CH4 and O2 along the 
centre line of the reactor for the case considered is same and therefore they overlap with 
each other. The mass fraction of CO2 starts at 1 and then decreases until it becomes 
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constant. The high mass fraction value of CO2 at the inlet is because of the introduction 
of some amount of CO2 in the middle/sweep channel. It is evident from Figure 25(b) that 
the present reactor model can deliver the desired uniform O2/CH4 ratio throughout the 
length of the reactor and may be used to obtain uniform temperature all along the length 
of the ITM membrane. 
 
Figure 25: (a)Mass fraction (b)O2/CH4 ratio for mass flow rate of 0.00075kg/s 
5.1.1 Effect of variation of CH4/CO2 ratio in the fuel mixture on oxygen permeation 
flux for non-reactive cases: 
The effect of CO2 concentration in the fuel gas mixture on the permeation flux of oxygen 
through the ion transport membrane (LSCF) has been investigated for non-reactive 
cases.Themass fraction of CO2 in the fuel mixture has been varied for a constant mass 
flow rate of 0.00075 kg/s.Six CH4/CO2 mixtureswith different CH4 concentrations, 
ranging from 1% (relative percentage of CH4/CO2 in fuel mixture) of CH4 (remaining is 
CO2) to 100% CH4,were considered. Figure 26 shows the partial pressure on the feed and 
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permeates side, next to the surface of the ITM, for increasing percentage of CH4 (the 
remaining is CO2) in the fuel mixture.It was observed that with the increasing percentage 
of CH4in the fuel mixture, the partial pressure of oxygen on the permeate side changed 
while on the feed side remained almost unaffected. 
 
Figure 26: Partial pressures of O2on feed and permeate side of the ITMwithvarying CH4 
percentage for a constant mass flow rate of 0.00075kg/s 
In order to analyze the differences clearly, the partial pressure of oxygen on the permeate 
side for different CH4% are presented in Figure 27. The corresponding flux of O2 is 
shown in Figure 28.It has been observed that with decrease in the percentage of CO2(or 
increase in the percentage of CH4) in the fuel mixture the partial pressure of oxygen on 
the permeate side decreases and the corresponding oxygen flux increases. This may be 
attributed to the higher molecular weight (44) and lower mass diffusivity of CO2. Due to 
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the higher molecular weight of CO2, with decrease in the percentage of CO2 the density 
of the mixture (shown in Figure 29) decreases. This decrease in density of fuel mixture is 
consistent with the increase in volume flow rate, which is shown in Figure 30, of the 
gases. Thus, for the same mass flow rate,with decrease in the concentration of CO2 the 
volume flow rate of the gases increases. These observations are confirmed by the flame 
sizes of the oxy-fuel and air–fuel cases obtained in the study by Habib et al[81]. This 
increase in volume flow rate of gases sweeps away the permeated oxygen quickly 
causing the partial pressure of oxygen on the permeate side to decrease leading to a 
higher oxygen permeation driving force. This may be attributed to the purging of 
permeated oxygen on the permeate side. On the other hand lower mass diffusivity of 
CO2(since the mean free path is inversely proportional to the density of the gas) also 
contributes to the increase in volume flow rate with decrease in CO2 mass fraction in the 
mixture.Therefore it is evident that with decrease in the concentration of CO2 (or increase 
in the concentration of CH4), for a constant mass flow rate, the permeation flux of oxygen 
increases. 
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Figure 27:Partial pressure of O2 on the permeate side of ITMwith varying CH4 
percentage for a constant mass flow rate of 0.00075kg/s 
 
Figure 28: Oxygen flux on the permeate side of the ITMwith varying CH4 percentage for 
a constant mass flow rate of 0.00075kg/s 
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Figure 29: Averagedensity of gas mixtureat the exit of the reactor with increasing CH4 
percentage for a constant mass flow rate of 0.00075kg/s 
 
Figure 30: Average volume flow rate of the gas mixture at the exit of the reactor with 
increasing CH4 percentage for a constant mass flow rate of 0.00075kg/s 
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Figure 31shows the mass fraction of CH4 along the centre line of the reactor for the fuel 
mixture mass flow rate of 0.00075 kg/s for increasing percentage of CH4 in the fuel 
mixture. In the region near to the inlet i.e. for approximately 0.1m the mass fraction of 
CH4 increases gradually and then becomes constant. This is because of very low 
permeability of the porous membrane near to the entrance of the reactor. Figure 32 shows 
the corresponding mass fraction of O2 along the centre line for the same mass flow rate of 
0.00075 kg/s. It is observed that with increase in the mass fraction of CH4 in the fuel 
mixture the mass fraction of oxygen also increases. As explained earlier that with 
increase in mass fraction of CH4, for a constant mass flow rate of fuel mixture, the 
density decreases and hence the volume flow rate increases and this was attributed to the 
purging of permeated oxygen. 
 
 
Figure 31: Mass fraction of CH4 along the center line of the reactor with varying CH4 
percentage for a constant mass flow rate of 0.00075kg/s 
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Figure 32: Mass fraction of O2 along the center line of the reactor with varying CH4 
percentage for a constant mass flow rate of 0.00075kg/s 
Figure 33 and Figure 34 show the normal profiles of mass fraction of CH4 and O2for 
increasing CH4 percentage at a distance of 200mm from the entrance at a constant mass 
flow rate of 0.00075 kg/s. It has been observed that the diffusion of CH4 decreases 
slightly from the porous membrane towards ITM. On the other hand the diffusion of O2 
decreases significantly as we move from ITM towards the porous membrane due to the 
resistance of the incoming CH4/CO2 mixture. 
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Figure 33:Normal profiles of mass fraction of CH4 at a distance of 200 from the entrance 
of the reactor with varying CH4 percentage for a constant mass flow rate of 0.00075kg/s 
It is observed, from Figure 34, that small mass fractions of O2 appear in the bottom 
channel (0. 2 to 0.3 m in Figure 34) even though the pressure in the bottom channel is 
higher than the middle channel (0.03 to 0.06 m in Figure 34). This may be because of the 
diffusion of O2 due to partial pressure difference in both these channels. However in case 
of the reactive casesit becomes almost negligible. The results of the reactive cases are 
presented in the next section. 
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Figure 34:Normal profiles of mass fraction of O2 at a distance of 200 from the entrance 
of the reactor with varying CH4 percentage for a constant mass flow rate of 0.00075kg/s 
In order to have a clear understanding of the distribution of species in the reactor, 
contours of CH4 and O2 for the non-reactive cases has been presented in Figure 35and 
Figure 36 respectively. It is important to mention that all the contours levels of species of 
CH4 and O2 presented are different and the color bar is adjusted in each figure to 
highlight the mass fraction variations. Figure 35shows that CH4 is introduced into the 
bottom/fuel channel. As the outlet of this channel is blocked with a wall, the whole CH4 
is forced to move into the middle/sweep channel through the porous membranes. It is 
clear that from a distance of X/L = 0.25 uniform mass fraction of CH4 is obtained in the 
middle/sweep channel. 
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Figure 35: Mass fraction of CH4 for increasing CH4/CO2 ratio (separation only) 
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Figure 36: Mass fraction of O2 for increasing CH4/CO2 ratio (separation only) 
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In order to investigate the permeation characteristics of ITM and the composition of 
different gases in the current reactor for different mass flow rates of fuel mixture with 
varying CH4/CO2 concentration, a parametric study is conducted for the conditions 
mentioned in Table 5.  
Table 5 : List of operating conditions for the parametric study 
2
feed, inlet sweep, inlet fuel, inlet1,O 4 2Case   P (bar) %CH  %CO m (Kg/s) m (Kg/s) m (Kg/s)
1       1         99
2       4         96
3       8         92
      0.21
4      20         80
5      60         40
6      100      
   
• • •
-6         0.03              1 10         0.00075
     0
1      1         99
2      4         96
3      8         92
       0.21           0.03  
4     20         80
5     60         40
6    100           0




×













-6
-6
              1 10               0.001
1     1 99
2     4 96
3     8 92
        0.21                   0.03                  1 10           0.00125
4    20 80
5    60 40
6   100 0
×




×




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5.1.2 Effect of mass flow rate of fuel mixture on the oxygen permeation rates: 
The effect on oxygen permeation rates for three different mass flow rates of the fuel 
mixturewith increasing percentage of CH4 (or decreasing percentage of CO2)are 
presented in Figure 37. It is observed that with the increase in mass flow rate of fuel 
mixture the oxygen permeation rate increases. As the mass flow rate of gases increases 
the oxygen on the permeate side is diluted and is driven away quickly. This dilution of O2 
gives rise to a lower partial pressure which leads to a higher oxygen permeation driving 
force.These results are confirmed from the work done by Wei et al[82]. In their 
observations when pure CO2 was used as the sweep gas, the oxygen permeation fluxes 
increased. This was attributed to the higher flow rate sweep gas that dilutes the permeated 
oxygen concentration and lowers the oxygen partial pressure on the core side, leading to 
a higher oxygen permeation driving force. On the other hand, for a constant mass flow 
rates of fuel, as the mass fraction of CH4 increases(or mass fraction of CO2 decreases) the 
oxygen permeation flux increases. This can be attributed to theincrease in volume flow 
rate of the gases, as shown in Figure 38.The Figure 38 provides the influence of CH4% on 
average volume at different mass flow rates.The influence ofincrease in volume flow rate 
has already been explained in the previous section. It is shown that a increment of 
approximately 6.0% of the oxygen permeation flux is observed as %CH4 varies from 1 to 
100 percent (or %CO2 varies from 99 to 0). 
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Figure 37: Effect of mass flow rate of fuel on the oxygen permeation flux with 
increasing percentage of CH4 for non-reactive cases 
 
Figure 38: Average volume flow rate for three different mass flow rates of fuel mixture 
with varying mass fraction of CO2 for non-reactive cases 
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Figure 39: O2 permeation flux for three different mass flow rates of fuel mixture 
Figure 39 shows the comparison of oxygen permeation fluxes at the surface on the 
permeate side of the ITM for three different mass flow rates of the fuel mixture. For 
comparison, the cases with same concentrations of CH4(4%) and CO2(96%) have been 
considered. It is evident that the mass flow rate has a considerable effect on the 
permeation fluxes of oxygen. With increase in the mass flow rate of the fuel mixture the 
flow rate of the sweep gases increases thereby increasing the fluxes. Figure 40 shows the 
oxygen permeation fluxes for all the cases mentioned in Table 5. 
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Figure 40: Oxygen permeation flux on the permeate side of the ITM with varying CH4 
percentage for three mass flow rate of fuel mixture 
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5.1.3 Effects of mass flow rate on the partial pressure of O2 at permeate side of ITM 
Figure 41 shows the partial pressure of oxygen next to the surface on the permeate side of 
the ITM for three different mass flow rates of fuel mixture. The partial pressure on the 
feed side of the ITM is kept constant at 0.21bar. 
 
Figure 41: O2 partial pressure profiles for different mass flow rates along the length 
For comparison, the cases with same concentrations of CH4 (4%) and CO2 (96%) have 
been considered. It is clear that increase in the mass flow rate of the decreases the partial 
pressure of oxygen on the permeate side of the ITM. This indicates that the partial 
pressure on the permeate side is inversely proportional to the mass flow rates of the 
sweep gases. Since the permeabilities of the porous membranes P3 and P4 are high 
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compared to P1 and P2, higher sweep rates are expected in the section from X/L = 0.5 to 
X/L = 1 of the reactor (i.e. 0.2m to 0.4m). Therefore the partial pressure of O2 in the 
second half section of the reactor exhibits more variation with increasing mass flow rates 
of the fuel mixture than the first half. Partial pressures of O2 on the permeate side of ITM 
with varying CH4 percentage for three different mass flow rates of fuel mixture are 
presented in Figure 42. 
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Figure 42: Partial pressure of O2 on the permeate side of ITM with varying CH4 
percentage for three different mass flow rates of fuel mixture 
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5.2 Separationand Combustion (Reactive Cases) 
A reactive ITM combines the separation of oxygen from air and oxidation of methane in 
order to reduce the overall size of the reactor and number of equipments in cycle. The 
chemical reaction at the permeate side produces high partial pressure difference along the 
membrane which in turn increases the oxygen permeation flux significantly. If the fuel 
combustion kinetics are significantly faster than the rate at which oxygen is getting 
permeated through the ITM membrane, the partial pressure of oxygen at permeate side 
will be very low enhancing the oxygen fluxsignificantly. In this section, the investigation 
has been extended to include from mixing of CH4 and CO2 with O2 to create combustion 
with single-step chemistry. Density of LSCF membrane is taken as 6000 kg/m3[83, 84]. 
The flow considered is laminar and steady in nature. Buoyancy effects are neglected.The 
top and bottom walls of the reactor are assumed to be adiabatic. The same listsof 
parametric values, as presented in Table 4, are used to study the ITM and 
combustioncharacteristics of reactive cases. 
Centre line profiles of temperature and rate of reaction along with the corresponding 
mass fraction of species for the simulations conditions shown inTable 4 are presented in 
Figure 43. Figure 43(a) shows the temperature and  kinetic rate of reaction. The centre 
line temperature within the reactor increases and reaches a maximum of 1219 K at the 
outlet while the reaction  occurs all throught the length of the reactor. Rate of reaction 
drops as the methane is consumed. The fluctuations in the rate of reaction and the 
corresponding mass fraction of CH4 is due to the stepwise porosities assigned to the four 
porous plate membranes.  
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Figure 43: (a) Temperature and reaction rate plot (b) Mass fractions of CH4 and O2 at the 
centre line of the reactor 
Figure 43(b) shows the composition profiles which indicates clearly the process of fuel 
consumption and reduction of the mass fraction of O2downstream. The mass fracton of 
O2 first increases as the rate of reaction increases then deceases as the methane is 
consumed. The increase in O2 is due to the comsumption of fuel. For the given fuel mass 
fraction and mass flow rate in Table 4, the amount of O2 permeated through the ITM is 
3.05×10-05kg/s which constitutes of O2/CH4ratio of 4.066.  
Figure 44 shows the oxygen permeation flux and the corresponding rate of reaction for 
the same case considered in Table 4.The amount of CH4 in the fuel mixture is 4%. It is 
observed that the flux of oxygen, shown in Figure 44, predicts a very high value at the 
inlet and then reduces suddenly. This can be attributed to the zero partial pressure value 
at the inlet of the channel. The zero partial pressure at the inlet causes Δp across the ITM 
to reach a maximum value. As flux across an ITM is a primary function of Δp across the 
membrane, the increase in Δp causes the oxygen permeation flux to increase. Thus the 
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oxygen flux starts with a maximum value at the inlet. The flux of oxygen starts 
decreasing from a maximum value to a minimum value. This is because of no reaction at 
the inlet. As the reaction starts the flux of oxygen also starts to increase. The flux 
increases to a considerable value and becomes constant as the reaction rate becomes 
stable.  
 
Figure 44: Oxygen flux and rate of reaction for the case of 4% CH4 for a constant mass 
flow rate of 0.00075 kg/s 
In order to explain the influence of reactivity on the different permeation characteristics, 
a comparison of results of reactive and non-reactive cases are presented in Figure 45. 
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Figure 45(a) shows the comparison of partial pressures of O2on feed and permeates side 
of the ITM for both non-reactive (separation only) and reactive cases. It is observed that 
the partial pressure of oxygen on the permeate side of the ITM is zero at the inlet as there 
is no oxygen. It increases gradually as the oxygen starts permeating and then becomes 
constant. On the other hand the partial pressure of oxygen on the feed side is 0.21 bar at 
the inlet and then reduces all along the length, because of the migration of oxygen to the 
permeate side. It can be seen that the partial pressure of oxygen on the permeate side for 
reactive cases reduces significantly when compared to the non-reactive mode.  
 
Figure 45:(a) Partial pressures of O2 on both feed and permeate sides for non-reactive 
(separation only) and reactive cases (b) O2 flux for non-reactive (separation only) and 
reactive cases 
Figure 45(b) shows the comparison of oxygen permeation flux with the same amount 
CH4 in the fuel mixture for both non-reactive (separation only) and reactive cases. It is 
clear that for the reactive case, the O2 permeation flux decreases till the reaction starts 
then increases till the rate of reaction is maximum and then remains almost constant. It 
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has been observed that the oxygen flux has increased approximately 3 times from an 
average constant value of 7 x 10-08 kg/s (for non-reactive cases) to 2 x 10-07 kg/s (for 
reactive cases). The results of increase in O2 flux with reaction are confirmed with the 
experimental results obtained by Xu and Thomson[78] and also by Zeng et al [85]. This 
increase in flux can be explained from the chemical reaction taking place on the permeate 
side of the ITM which consumes the permeated oxygen, lowering the partial pressure on 
the permeate side leading to high oxygen driving force. It may also be explained from the 
oxygen surface exchange reactions and bulk diffusion that are improved at high 
temperatures. Hence separation of O2 using an ITM along with a chemical reaction 
provides a favorable solution to enhance oxygen permeation flux. It gives conclusive 
remark that for a particular membrane surface, the amount of O2 permeated with 
chemical reaction is higher compared to separation-only mode; thereby the length of the 
ITM reactor can be greatly reduced. 
5.2.1 Effect of CO2concentration on the oxygen permeation flux for reactive cases: 
The effect of variation of concentration of CH4/CO2 in the fuel gas mixture on the 
permeation flux of oxygen through the ion transport membrane has been investigatedfor 
reactive cases. The mass flow rate of the fuel mixture is kept constant at 0.00075 kg/s 
while the mass fraction of CH4/CO2 has been varied. Figure 46shows the partial pressure 
on the feed and permeates side next to the surface of the ITM.Unlike non-reactive cases 
the partial pressure on the feed side also changes in reactive cases i.e. decreases with the 
increasing mass fraction of CH4 in the fuel mixture. 
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Figure 46:Partial pressures of O2 on feed and permeate side of the ITMwith varying 
mass fraction of CH4 for a constant mass flow rate of 0.00075 kg/s 
In order to analyze the differences in partial pressure on the permeate side clearly, Figure 
47 has been presented. It is clear from Figure 47 that with increase of CH4 concentration 
in the fuel mixture the partial pressure of oxygen on the permeate side greatly reduces. 
There is approximately 77% of drop in the partial pressure of oxygen when CH4 
concentration is increased from 1% to 100%. Such high reduction in the partial pressure 
is due to the reaction taking place on the permeate side of the ITM.This reaction 
consumes the permeated oxygen causing the partial pressure to decrease. Figure 48 
shows the corresponding permeation fluxes of O2 along the length of the membrane for 
the same mass flow rate of 0.00075 kg/s of the fuel mixture for the reactive cases 
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(separation and combustion).When the oxygen molecules starts migrating to the permeate 
side, i.e. when desorption of oxygen ions takes place on the permeate side, the partial 
pressure on the permeate starts building up causing Δp to reduce along the length of the 
ITM and then becomes constant. As a result, the oxygen flux also becomes stable 
attaining a constant value throughout the length of the ITM.Along with the consumption 
of O2 in the reaction, the decrease in mass fraction of CO2 also contributes to the increase 
in the flux.About 57% of oxygen flux is increased when CH4 in the fuel mixture increases 
from 1% to 100%. It is worth noting that the oxygen flux increases till CH4 in the fuel 
mixture is increased to 60%. But further increasing CH4 (or reducing CO2) in the mixture 
does not increase the flux but rather remains constant. 
 
Figure 47: Partial pressure on the permeate side of ITMwith varying mass fraction of 
CH4 for a constant mass flow rate of 0.00075 kg/s 
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Figure 48:Oxygen flux on the permeate side of the ITMwith varying mass fraction of 
CH4 for a constant mass flow rate of 0.00075 kg/s 
 
In order to study the temperature and reaction kinetics for different mass flow rates of 
fuel mixture and compositions a parametric study is carried out for the conditions shown 
in Table 5. 
5.2.2 Temperature characteristics in the present oxygen transport reactor: 
Figure 49shows the normal distribution of the reaction ratesat a distance of 200mm from 
the entrance of the reactor. The profiles are presented for increasing CH4/CO2 mass 
fraction ratios for three different mass flow rates of the fuel mixture. Figure 50shows the 
corresponding temperature plots. It is observed that the reaction rate increases with 
increase in CH4 mass fraction in the fuel mixture.It isalso shown that the reaction zone 
shifts towards the ITM. The corresponding temperature also increases as the CH4% 
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increases. Howeveras the CH4/CO2percentageincreases beyond60/40 the temperature 
slightly reduces even though the reaction rate increases. Similar results are obtained with 
increasing mass flow rates where the temperature of the ITM reduces beyond 60% of 
CH4 in the fuel mixture. This may be due to the conduction of heat through the ion 
transport membrane when the reaction zone is near to the ITM (for %CH4 range of 60 to 
100). This has to be avoided because the reaction near to the ITM may degrade the 
membrane material and affect the performance of the membrane. Both effects were 
shown during the discussions of the temperature and reaction contours. Moreover as 
explained earlier that the reactions near to the membrane may give rise to surface 
exchange reactions where the material of ITM reacts with the gases and forms unwanted 
carbon compounds on the surface of the permeate side of the ITM limiting the desorption 
of oxygen ions leading to reduction in oxygen permeation flux. 
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Figure 49: Reaction rate plots for increasing CH4/CO2 mass fraction ratios at a normal 
distance of 200mm from the entrance of the reactor 
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Figure 50: Temperature plots for increasing CH4/CO2 mass fraction ratios at a normal 
distance of 200mm from the entrance of the reactor 
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Figure 51 shows Mass fraction of CH4 at a normal distance of 200mm from the entrance of 
the reactorfor different CH4 percentages in the fuel mixture. The mass flow rate of the 
fuel mixture is 0.00075 kg/s. It is observed that with small amounts of CH4 percentages 
in the fuel mixture gives 100% CH4 conversions are obtained. It is also clear from Figure 
51 that mass fraction of CH4 decreases from the porous membrane towards the ITM 
indicating that it is being consumed in the reaction. 
 
Figure 51:Normal profiles of mass fraction of CH4 for different CH4 percentages in the 
fuel mixture at a distance of 200mm from the entrance of the reactor 
The Mass fraction of O2 for different CH4 percentages in the fuel mixture at a normal 
distance of 200mm from the entrance of the reactor is presented in Figure 52. It is clear 
that the mass fraction of O2 decreases from the ITM towards the porous membrane 
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indicating that it is being consumed in the reaction. In order to have high O2 conversions 
the amount of CH4 has to be increased. But this is achieved at a penalty of some amount 
of unburned CH4. From the above discussion, it can be concluded that with high 
CH4percentages(or less diluent CO2) at inlet, high maximum temperatures can be 
achieved for increasing mass flow rate. This is accompanied by a reduction in conversion 
percentage of CH4. With split ITM reactor design, the problem of fuel conversion can be 
overcome with more uniform temperature along the reactor and complete combustion. 
 
Figure 52: Normal profiles ofmass fraction of O2 for different CH4 percentages in the 
fuel mixture at a distance of 200mm from the entrance of the reactor 
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5.2.3 Effect of mass flow rates of fuel mixture on the combustion temperature: 
Figure 53 shows the maximum temperature obtained in the reaction with increasing 
percentage of CH4 and Figure 54 shows the average temperature of the reaction. From 
these figures it is clear that with increase in mass fraction of CH4 the maximum 
temperature (shown in Figure 53) of the reaction increases and is consistent with the 
increase in the average temperatureat the exit of the reactor.At the same time we also 
notice that the corresponding reaction zone moves upwards, as indicated byFigure 56. 
Thus by adjusting the amount of CH4 in the fuel mixture the reaction zone can be moved 
accordingly. Increasing the mass fraction ratio of CH4/CO2 beyond 60% CH4 do not 
significantly increase the temperature but rather moves the reaction zone very near to the 
membrane. Allowing the reaction zone to occur near to the membrane may be 
advantageous to have higher oxygen flux with increase in the membrane temperature but 
it may degrade the membrane. The reaction zone near to the ITM may cause an increase 
in the surface reaction rate leading to deposition of unwanted carbon compounds that 
may reduce desorption of oxygen ions on the permeate side of the membrane. This may 
degrade the membrane as well as reduce the oxygen flux (due to decrease in desorption 
of oxygen ions by deposition of unwanted carbon compounds) with time. Xu and 
Thomson[78] found that more than 50% of the membrane surface on the permeate 
(methane) side was significantly etched when CH4 was partially oxidized  as compared to 
the fresh surface without reaction. Downstream locations exhibit higher temperature 
levels in the case of higher CH4/CO2 ratios. These effects are clearly seen in the 
temperature contours shown in Figure 55. 
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Figure 53: Maximum temperature obtained in the reaction with increasing percentage of 
CH4 for three different flow rates of the fuel mixture 
 
Figure 54: Average temperature of the reaction at the exit of the reactor with increasing 
percentage of CH4 for three different mass flow rates of the fuel mixture 
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Figure 55shows temperature contours for four different mass fraction ratios of CH4/CO2 
for a constant mass flow rate of fuel mixture of 0.00075 kg/s. It is important to mention 
that the contour levels are presented on the same scale and the color bar at the end of the 
last contour highlights the temperature variations. Integer values of the corresponding 
color are incorporated into the contour in order to have a better analysis of the variation 
of temperature. It is observed that the maximum value of temperature in the temperature 
contour with CH4/CO2 ratio of 0.01/0.99 i.e. 1% CH4 is 1195 K. only 22K rise in 
temperature is observed and the reaction zone ends in the first half length of the reactor. 
This indicates that there is no enough CH4 available for the complete combustion of 
oxygen permeated through the ITM. As the percentage of CH4 is increased the maximum 
temperature of the reaction has also increased and the reaction zone occupies the whole 
length of the reactor.This is accompanied by a reduction in conversion percentage of 
CH4. Figure 56  shows the reaction rate contours for different mass fraction ratios of 
CH4/CO2 for a constant mass flow rate of fuel mixture of 0.00075kg/s. It is important to 
mention that the reaction levels for different mass fraction of CH4/CO2 are presented on 
the same scale and the variation in the reaction rate is indicated on the color bar. Unlike 
temperature contoursthe reaction rate at different positions are indicated by aninteger and 
the corresponding reaction rate value is indicated under the integer in the color bar.  
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Figure 55: Temperature contours for increasing CH4/CO2 mass fraction ratio 
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Figure 56:Reaction rate contours for increasing CH4/CO2 mass fraction ratios 
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Figure 57: Mass fraction of CH4 for increasing CH4/CO2 ratio 
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Figure 58: Mass fraction of O2 for increasing CH4/CO2 ratio 
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5.2.4 Effect of mass flow rates on the temperature of ITM: 
Figure 59 shows the temperature plot on the feed side and permeate side of the 
membrane. As the thickness of the membrane is very small i.e. 1 mm, the difference in 
temperatures is also small. The maximum difference in temperature along the length of 
the ITM is approximately 30K. Oxy-fuel combustion using ion transport membranes 
produces a longer ‘‘milder’’ flame distributed over much of the reactor length. This may 
be an advantage since the resulting heat flux is likely to be more uniform over a longer 
distance in the reactor. The uniform heat flux reduces the wall shear stresses that may 
arouse due to high temperature differences, thereby increasing the performance as well as 
life cycle of the membrane. The same effects are shown previously in the temperature 
contours, presented in Figure 55. 
 
Figure 59: Wall temperature at air side and permeate side of ITM 
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Figure 60shows the temperature on the permeate side of the ion transport membrane for 
three different mass flow rates of fuel mixture. It is clear from this plot that with increase 
in mass fraction of CH4 in the fuel mixture, the temperature of the ITM increases. This is 
because the reaction rate increases with increase in mass fraction of CH4 in the fuel 
mixture. Moreover the reaction zone shifts towards the ITM, thereby increasing the 
temperature of the membrane. It is observed that the temperature of the ITM on the 
permeate side increases till the amount of CH4in the fuel mixture reaches 60%. However 
beyond this value though the amount of CH4 is increased, the temperature of the ITM is 
reduced slightly. This may be due to the heat transfer by conduction in the ITM and also 
by convection due to lower temperature air on the feed side.  
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Figure 60: Temperature at permeate side of the ITM for reactive cases 
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5.2.5 Effect of mass flow rate of fuel mixture on the oxygen permeation rates: 
Figure 61 shows the effect on oxygen permeation rates with increasing percentage of CH4 
for three different mass flow rates of the fuel mixture for the reactive cases. It is observed 
that for a constant mass flow rate of fuel, if the percentage of CO2 is increased (or the 
percentage of CH4 decreased) then the oxygen permeation rate decreases steadily up to 
80% of CO2 (or 20% of CH4) but beyond this percentage the permeation rates decreases 
exponentially. This may be due to very low rate of reactions occurring at lower mass 
fraction ratios of CH4/CO2. Moreover decrease in the volume flow rate, as shown in 
Figure 62, also contributes to the decrease in oxygen permeation rates. This decrease in 
volume flow rate has already been explained in the previous sections. These results are 
confirmed from the work done by Wei et al[82]. On the other hand, with the increase in 
mass flow rate of fuel mixture there is no significant change in the oxygen permeation 
rates.  
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Figure 61: Effect of mass flow rate of fuel on the oxygen permeation flux with 
increasing percentage of CH4 for reactive cases 
 
Figure 62: Volume flow rate for three different mass flow rates of fuel mixture with 
varying mass fraction of CO2 
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Figure 63 shows the oxygen permeation rates for non-reactive (separation only) and 
reactive cases for the mass flow rate of 0.00075 kg/s. the amount of oxygen permeated 
through the ITM membrane for non-reactive (separation only) mode is 1.56 x 10-05 kg/s 
to 1.7 x 10-05 kg/s while for the reactive mode it is 1.85 x 10-05 kg/s to 5.85 x 10-05 kg/s 
for 1% to 100% of CH4 in the fuel mixture.The oxygen permeation rate through the 
membrane is increases for 1% to 20% CH4 at inlet and becomes almost constant for the 
increased CH4 percentages. Oxygen permeation rate through ITM for combustion 
(reactive case) is very much higher compared to separation only mode and it is 15% to 
70% higher for 1% to 100% increase in CH4 at inlet.  
 
Figure 63: Comparison of O2 permeation rates with and without reactions 
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5.2.6 Effect of CH4/CO2 mass fraction ratios on CH4 and O2 conversion: 
In order to optimize the design of the present oxygen transport reactor for O2 separation 
and fuel oxidation, the amount of CH4 conversion is an important parameter that is 
affected by the diluents CO2 concentration and O2 permeation flux. Figure 64 shows the 
percentage conversion of CH4 and O2 with increase in the percentage of CH4 in the fuel 
mixture for a constant mass flow rate of 0.00075 kg/s. 
 
Figure 64: Conversion of CH4 and O2 with increase in the percentage of CH4 in the fuel 
mixture 
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mixture the % conversion of O2reaches almost 100% while the % conversion of CH4 
decreases. It has been noted that approximately 4 to 15% of CH4 in the fuel mixture gives 
maximum CH4 and O2percentage conversions. Similar profile for O2 permeation rate and 
conversion of CH4 and O2 is obtained by Tan et al [33] for LSCF-ITM membrane.Similar 
conversion results were found when the mass flow rates of fuel mixture were increased to 
0.001 kg/s and 0.00125 kg/s.O2/CH4 value is an important parameter to decide the region 
of flammability limit for combustion. Figure 65shows the representation of all the three 
mass flow rates with different CH4% at inlet. 
 
Figure 65: O2/CH4 ratio for three different mass flow rates of fuel 
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5.2.7 Effect of mass flow rates of fuel mixture on CH4 and O2 conversion: 
The results of % conversion of CH4 for increasing CH4 percentage at the fuel inlet for 
three different mass flow rates of fuel mixture are presented in Figure 66. It is evident 
that with increase in the mass flow rates of the fuel mixture the percentage conversion of 
CH4 decreases. This also suggests that operating the reactor at low mass flow rates and 
low CH4 percentages is advantageous in order to obtain maximum outputs. 
 
Figure 66: % Conversion of CH4 for increasing CH4 percentage in three different mass 
flow rates 
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5.2.8 Effect of mass flow rates of fuel mixture on the partial pressure and oxygen 
flux at permeate side of the ITM: 
Figure 67shows the partial pressure of oxygen on the permeate side of the ITM for three 
different mass flow rates of the fuel mixture. The percentage of CH4 has been varied from 
1 to 100 for each mass flow rate. The results depicting the corresponding oxygen fluxes 
are presented in Figure 68.  As discussed in the early sections, the partial pressure of 
oxygen decreases with increasing mass flow rates due to increased purging effects. 
Moreover the decrease in the percentages of CO2 also contributes to the decrease thereby 
increasing the oxygen fluxes. 
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Figure 67: Partial pressure on the permeate side of ITM for reactive cases 
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Figure 68: Oxygen permeation on permeate side of the membrane 
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In order to maximize the CH4 conversion at high mass flow rates, use of ITMs with 
catalyst coatings at permeate side is suggested [80]. More work has to be done on 
material development and testing side before proceeding into the catalytic conversion of 
CH4. 
From the above discussion, it is clear that the present oxygen transport reactor has 
potential to be implemented in transforming a conventional combustion chamber to an 
ITM reactor in which separation and oxidation of fuel is done simultaneously. Moreover 
the results predict a more uniform temperature ITM reducing the strain induced due to 
high temperature gradients. 
5.3 Advantages of the Present Model Reactor (Isothermal reactor)Over the Co-feed 
Reactor: 
There are many advantages of isothermal reactor concept over co-feed reactor operations 
in terms of temperature homogeneity, uniform heat flux and in controlling the reaction 
zone. Some of them are discussed below. 
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Figure 69: Line diagram of co-feed reactor 
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Figure 70:Line diagram of isothermal reactor 
The comparison for Traditional co-feed reactor and isothermal reactor has been done for 
the below mentioned boundary conditions: 
Mass flow rate of air (O2 + N2) = 0.03 kg/s 
Mass flow rate of fuel mixture (CH4 + CO2 + Ar) = 0.00075 kg/s 
Mass fraction of CH4 in the fuel mixture = 0.01 
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Mass fraction of CO2 in the fuel mixture = 0.24 
Mass fraction of Argon = 0.75 
Figure 71 shows the wall temperature on the permeate side of the ITM for co-feed and 
isothermal reactor cases. It is clear from the Figure 71that in case of an isothermal reactor 
concept the wall temperature is uniformly varying along the length of the ITM. This may 
be advantageous to achieve homogeneous temperature, uniform heat flux and to reduce 
wall shear stresses on the ion transport membrane, thus increasing the life cycle of the 
membrane. 
 
Figure 71:Comparison of wall temperature on the permeate side of the ITM for co-feed 
and isothermal reactors 
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Figure 72  shows the comparison of oxygen permeation flux for co-feed and isothermal 
reactor concepts. Comparison shows that the permeation flux in case of co-feed reactor is 
high in the first half region of the reactor and then it gradually decreases. This is because 
of the reaction zone near to the ITM which may be limiting factor for the stability and 
temperature homogeneity of the membrane. The same effects are shown again in reaction 
rate contours. The average permeation flux in case of co-feed reactor is only 30% 
(approximately) more than the isothermal reactor concept. But unlike Co-feed reactor the 
oxygen permeation flux in case of isothermal reactor is uniform all along the length of 
the ion transport membrane. This is useful in achieving uniform stoichiometric ratio 
(using porous membrane to feed fuel) in order to have uniform combustion all along the 
 
Figure 72:Comparison of oxygen permeation flux (on permeate side of the ITM) for co-
feed and isothermal reactors 
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length of the membrane. Thus the isothermal reactor concept enables to achieve 
homogeneous temperature and uniform heat flux more easily than the co-feed reactor. 
Figure 73 and Figure 74 shows the comparison of reaction rate and temperature plots 
respectively at a normal distance of 200mm from the entrance of both the co-feed and 
isothermal reactors. The comparison has been made in detail using the respective 
contours (Figure 75, Figure 76). 
 
Figure 73: Comparison of normal profiles of reaction rates for co-feed and isothermal 
reactors 
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Figure 74: Comparison of normal profiles of temperatures for co-feed and isothermal 
reactors 
Figure 75shows the reaction rate contours for co-feed and isothermal reactors. It is 
important to mention that the contour levels for both the cases are compared to the same 
scale and the color bar highlights the temperature variations. It is clear from the above 
reaction rate contours that in case of co-feed reactor the reaction takes place next to the 
ion transport membrane, which causes an increases in permeation flux in the first half of 
the reactor (as explained in the oxygen permeation flux plot), where as in the isothermal 
reactor concept the reaction zone can be shifted away from the ion transport membrane 
by adjusting the amount of CH4 in the fuel mixture (fed through the porous membrane), 
thereby improving the performance of the ion transport membrane as well increasing its 
life cycle. The reaction near to the may also cause surface reactions between the gases 
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and the membrane material leading to formation of unwanted by-products that may 
deposit on the membrane, limiting desorption of oxygen on the permeate side. 
 
Figure 75:Comparison of reaction rate contours for co-feed and isothermal reactors 
Figure 76 shows the temperature contours for both co-feed and isothermal reactors. These 
temperature contours show that in case of co-feed reactor the high temperature zone is 
concentrated where as the isothermal reactor  produces a longer ‘‘milder’’ high 
temperature zone distributed (homogeneous) over much of the reactor length. This may 
be an advantage since the resulting heat flux, in case of isothermal reactor, is likely to be 
more uniform over a longer distance. Another advantage of the isothermal reactor over 
co-feed reactor is that the temperature at the exit of the isothermal reactor is high when 
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compared to the traditional co-feed reactor, which is useful in attaining high inlet 
temperatures (desirable) for the turbine.  
 
Figure 76: Comparison of temperature contours for co-feed and isothermal reactors 
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The above conversion figures show that even though there is 100% methane conversion 
in case of co-feed reactor, the overall methane and oxygen conversion in isothermal 
reactor is much better. The co-feed reactor gives an approximately 10% less oxygen 
conversion i.e. 10% of the oxygen permeated is unused in the reaction. Therefore 
isothermal reactor offers many advantages over the co-feed reactor in terms of controlling 
the reaction zone and also to achieve uniform temperature all along the length of the 
ITM. 
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CHAPTER 6  
CONCLUSIONS AND 
RECOMMENDATIONS 
This chapter consists of three sections. The first two sections summarize the results 
presented in the previous sections and the third section presents some of the directions in 
which the present thesis work can be further extended. 
In the present thesis work a two-dimensional, computational fluid dynamics (CFD) model 
has been developed to predict oxy-combustion characteristics in an oxygen transport 
reactor (nearly isothermal reactor). Details of temperature, flow, species distribution are 
predicted by the numerical solution of the conservation of mass, momentum, energy and 
species transport equations of two dimensional flows. The membrane (ITM) is modeled 
as a selective layer, which allows the permeation of oxygen as a function of temperature 
and the difference of partial pressures of oxygen in the feed side and the permeate side of 
the ITM. The porous layer is modeled as a function of permeability and thickness of the 
medium used. Validation for the models used has been performed against the 
experimental results available in the literature and were found to be in good agreement 
with the present work. 
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6.1 Separation Only Mode (Non-reactive Cases): 
 The flow conditions at the permeate side influenced the performance of oxygen 
separation.  
 It has been concluded that for a constant mass flow rate of the fuel mixture for the 
non-reactive environment (separation only cases), the oxygen permeation flux 
increases with increase in the CH4 percentage. 
6.2 Reactive Cases (Separation and Combustion): 
The results of combustion in OTR for different composition of CH4/CO2 mixtures and for 
different mass flow rates have provided many important insights and conclusions.  
 Firstly, the comparison between reactive and separation-only OTR units showed 
that combining reaction and separation increases significantly O2 permeation rate 
to about 3 times under the assumptions given herein.  
 Secondly, by using a porous membrane to introduce fuel mixture in the reactor 
(present model isothermal reactor) for combustion, a more uniform temperature 
along the length of the ITM has been obtained compared to the co-feed reactor. 
 It has been observed that with increase in the percentage of CH4 in the fuel 
mixture the conversion percentage of O2 increases and reaches almost 100% when 
CH4 is 15% (relative percentage of CH4 and CO2) in the fuel mixture but the % 
conversion of CH4 decreases.  
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 It has been concluded that approximately 4% to 15% (relative percentage of CH4 
and CO2) of CH4 in the fuel mixture gives maximum CH4 and O2 percentage 
conversions.  
 The present model isothermal reactor also provides the advantage of attaining 
higher exit temperatures that are essential for the inlet of the turbines.  
 The reaction zone can also be controlled accordingly for the improved 
performance of the ITM. 
6.3 Recommendations: 
The use of ITM technology to capture CO2in power cycles shows potential to retrofit or 
to use as an auxiliary system to separate O2 for oxy-combustion. The O2 permeation 
equation used in this work is based on experimental correlations. More work is needed to 
develop a more generalized equation which represents the membrane characteristics and 
operational conditions. Further, single-step chemistry is used in the present simulations 
for oxidation of methane into CO2and H2O, but in practice there will be other species 
such as CO, H2, etc. Accordingly, detailed chemistry must be employed to study the 
impact and stability of such species on ITM. Other major issues related to the effect of 
carbon deposition and soot formation on the membrane characteristics needs detailed 
investigation. Continued modeling and simulation effort has to be made to predict the 
optimized dimensions of the reactor. 
 
 
 
 
 
NOMENCLATURE 
cellA  Area of the cell [m
2] 
A Pre-exponential factor [ - ] 
a Absorption coefficient 
pC  
Heat capacity [J/Kg-K] 
iC  
Density of oxygen ions [mol/m3] 
i,mD  Diffusion coefficient of mixture of species i [m
2/s] 
sD  
Self-diffusivity [m2/s] 
vD  Diffusion coefficient of oxygen vacancies  [cm
2/s] 
i,jD  Binary mass diffusion coefficient of species i [m
2/s] 
aE  
Activation energy [ J/kg-mol ] 
F  Faraday’s constant [c/mol] 
I Radiation intensity, which depends on position and direction 
2O
J  Oxygen permeation flux [mol/m2-s] 
K Reaction rate constant [ Kg-mol/m3-s ] 
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1K  Geometric constant [ - ] 
2K  Constant depends on temperature [mol/m
2-s] 
iok  Surface exchange coefficient [m/s]
 
rk   Surface-exchange reaction reverse-rate constant [mol cm
-2s-1] 
fk  Surface-exchange reaction forward-rate constant [cm atm
-0.5s-1] 
L  Membrane thickness [m] 
cL  Characteristic membrane thickness [m] 
iM  Molecular weight of species i [Kg/Kmol] 
 m
•
 Mass flow rate [Kg/s] 
  n Refractive index 
p Pressure [Pa] 
2
'
OP , 1P  Partial pressure of oxygen at the feed side [atm] 
2
"
OP , 2P  Partial pressure of oxygen at the permeate side [atm] 
2
0
OP , 0P  1 atm oxygen pressure 
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P1,P2,P3,P4 
ℜ  
Face permeabilities of porous membranes 1,2,3,4 (equal lengths) [m2] 
Universal gas constant [J/mol-K ] 
1R  Resistance to O2 permeation at the inner membrane surface 
[atm0.5cm2sec/mol] 
2R  Resistance to O2 permeation in the bulk region [atm
0.5cm2sec/mol] 
3R  Resistance to O2 permeation at the outer membrane surface 
[atm0.5cm2sec/mol] 
1r  Outer radius of the membrane tube [m] 
2r  Inner radius of the membrane tube [m] 
→
r  
Position vector 
S  Effective area of the membrane tube [m2] 
Si, mS  Source/sink term [Kg/m
3-s], mass source term [Kg/m3-s] 
→
s , 
→'
s  Direction vector, scattering direction vector 
T Temperature [K] 
it  
Ionic transference number [ - ] 
et  
Electronic transference number [ - ] 
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U, V Superficial velocity [m s
-1] 
mV  Molar volume [m
3/mol] 
OV
••
 
Oxygen vacancy [ - ] 
cellV  Volume of cell [m
3] 
W Effective length of the tube [m] 
iX  Mole fraction of species i [ - ] 
iY  Mass fraction of species i [ - ] 
i,jϕ  Mixture rule constant for species i in species j [ - ] 
φ  Phase function 
'Ω
 
Solid angle 
ρ Density [Kg m
-3] 
μ Dynamic viscosity [N s m-2] 
2O
µ  Oxygen vacancy potential [J/mol] 
iσ  
Ionic conductivity [S/m] 
eσ  
Electronic conductivity [S/m] 
s
σ
 Scattering coefficient 
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σ
 Stefan-Boltzmann constant (5.669 x 10
-08 W/m2 – K4) 
1β  
Bulk-diffusion step constant [ - ] 
iλ  
Thermal conductivity of species i [W/m/K] 
ε Bed porosity 
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